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ABSTRACT

I

A number of thermochemical ablation models are postulated for the Apollo
heat shield material and are compared to available ground and flight test

data. The predictions are made with the Aerotherm Chemical Equ1_librium (ACE)--

and the Charring Material Ablation (CMA) computer codes. The ACE solutions

are then validated by Boundary Layer Integral Matrix Procedure (BLIMP) cal-

culations. The ACE progr_am generates normalized ablation rates representing

the boundary layer approximately by the use of transfer coefficients. The

CMA program utilizes this information as a boundary condition to generate one-

dimensional transient ablation solutions. The BLIMP program solves the lami-

nar, nonsimilar, chemically-reacting boundary layer.

Some of the more important parameters considered in the ablation analysis

include various degrees of pyrolysis-gas reactivity, in-depth coking, mechani-

cal removal of silica and/or silicon carbide, loss of pyrolysis gas through

fissures which develop in the chars, and rate-controlled as well as diffusion-

controlled surface chemical reactions. The model which appears to correlate

the flight data best also provides the best correlation for the ground test

data. This model has the following major features. First, it is assumed that

the pyrolysis gases escape for the most part out of the boundary layer without

contributing to a blowing reduction to the convective hea£ transfer. At l_v

surface temperatures_ an empirical Arrhenius-type law is employed. This is

not a chemical kinetic law, but is, rather, a law for the mechanical removal

of silica. At higher surface temperatures, the surface recession is limited

by the availability of oxygen (dlffusion-controlled carbon ablation regime).

The oxygen supplied by the boundary-layer edge gas is supplemented by oxygen

in the silica. Finally, at very high temperatures, carbon reactions with

nitrogen and carbon sublimation become important.
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FOREWORD

The present report is one of a series of four reports,
published simultaneously, which describe extension and appli-
cation of analyses and computational procedures for predicting

the in-depth response of charring ablation materials and non-
similar chemically reacting boundary layers whic_ were generated
under a previous contract (NAS9-4599). In particular, the
present reports describe the extension of a laminar multicompo-
nent chemically-reacting (equilibrium) boundary-layer program to
include no, grey radiation coupling, the eytension of this compu-
tational procedure to turbulent flow (at this point for incom_res-
sible flows only), the further checkout of a code which couples ......... _
the laminar boundary layer procedure to a transient charring
ablation code, and the application of these and other computa-
tional procedures to-the Apollo heat shield material and typical
Apollo missions. Part I serves as a summary report and describes
the present status of and solutions obtained with the various
computational procedures. In Part II a thermochem/cal ablation
program based on a transfer-coefficient approach _._ utilized to
investigate ablation mechanisms for the Apollo he_t shield
material. The radiation transport model which is utilized is
described in Part III, whereas the turbulent boundary layer
code is discussed in Part IV.

The titles in the series are:

Part I: Sununary Report: Further Studies of the Coupled _ -
Chemically Reacting Boundary Layer and Charring _ "

Ablator, by E.P. Bartlett, W.E. Nicolet, L.W.
Anderson, and R.M. Kendall. -

- Part Ii: An Evaluation of Surface Re_ssion Models for the

Apollo Heat Shield Material, by E.P. Bartlett, and
L. W. Anderson.

Part III: A Nongrey Radiation Transport Model Suitable for_-_" _
Use in Ablation-Product Contaminated Boundary
Layers, by W. E. Nicolet

Part IV: Nonsimilar Solution of an Incompressible Turbulent

Boundary Layer by an Integral Matrix Method, by
L. W. Anderson and R. M. K£ndall.

This effort was conducted for the Structures and Mechanics

Division of the Manned Spacecraft Center, National Aeronautics

and Space Administration under Contract NAS9-6719 with Mr. Donald
M. Curry as the NASA Technical Monitor. Development of the turbulent

boundary layer code was sponsored jointly by NASA/MSC and by the Air
Force Weapons Laboratory, Kirtland Air Force Base,with Lt. Ronald H.
Aungier as Project Engineer. Extension of the turbulent boundary
layer analysls to compressible flows is continuing under AFWL spon-
sorship. Mr. Eugene P. Bartlett of Aerotherm Corporation was Program
Manager and Principal Investigator for the efforts reported here.
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AN EVALUATION OF ABLATION MECHANISMS FOR THE

APOLLO HEAT SHIELD MATERIAL

SECTION 1

INTRODUCTION

The primary intent of this report is to develop an understanding of

mechanisms which control ablation of the Apollo heat shield material utiliz-

..... i_g_a genelal.ized_surface_thermochemistry computer program. Physicochemical _

models are postulated, theoretical predictions are made, and these predic-

tions are compared to ground and flight test data.

The material under consideration is a low-density ablation material,

AVCOAT 5026-39/HC-GP, bonded to a primary structure. The ablation material

is basically an epoxy-novalac resin with phenolic microballoons and silica-

fiber reinforcement in a fiberglass-reinforced-phenolic honeycomb matrix.

Although this composite maintains its cellular appearance after fabrication,

the virgin material is treated theoretically as a continuum. Upon being

subjected to sufficiently high heating rates, the ablation material decom-

poses chemically, 'forming a pyrolysis gas and a char residue. The material

properties utilized in the present study are taken directly from post-test

chars and are presented in Appendix A. In-depth thermal analyses are com-

pared therein to ground and flight test data in order to validate the in-

depth thermal properties model. The recommended surface thermochemical abla-

tion model resulting from this study is sun_arized in Appendix B.

The computer codes utilized in the present study are the Aerotherm Chemi-

cal Equilibrium (ACE) program, the Charring Material Ablation (CMA) program,

and the Boundary Layer Integral Matrix Procedure (BLIMP). The ACE program

solves for surface chemistry and satisfies surface elemental mass balances,

producing solutions for normalized ablation rates (Bc) for ranges of pressure

(P} 0 surface temperature (T_ , and normalized pyrolysis gas rate (B_). A

variety of physicochemical models can be assumed including consideration of

equilibrium or rate-controlled reactions at the surface and mechanical re-

moval of candidate surface species. These results are of interest in them-

selves, but also serve as input to the CMA program. The CMA program is an

implicit finite-difference computational procedure which solves for the sur-

face energy balance while computing the one-dimensional transient transport

of energy in a three-dimensional isotropic material which can ablate from the

front surface and decompose in depth. The BLIMP program computes the non-

similar, laminar, chemically-reacting boundary layer. The characteristics

--I

J
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of these programs are summarized in Part I of this series of reports. A more

complete description of these programs and their capabilities and restrictions

are contained in References 1 through 3, respectively.

The ground test data utilized in the present study is that of Schaefer

et al (Ref. 4). These data, obtained in an arc tunnel facility, cover a

range of enthalpies from 3,000 to 30,000 Btu/ib and local stagnation pressures

of 0.008 to 1.0 atmospheres. A summary of these test results is presented in

Appendix C.

The approach which is taken in this report is to consider, first, "limit-

ing" theories where the silica in the char is either permitted to be the sur-

face species or required to fail mechanically if it wants to form the surface

species. A number of such ACE solutions are presented in Section 2 and com-

Pared therein to the ground test data of Schaefer. These correlations show

that some mechanical removal of silica does take place. An empirically-

derived rate law for mechanical removal of silica is then proposed in Section

3. Correlations with flight test data are reported in Section 4. Nonsimilar

laminar boundary layer solutions, obtained as a check on the transfer-coeffi-

cient calculations, are described in Section 5. Conclusions and recommenda-

tions are presented in Section 6.
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SECTION 2

CORRELATION OF SURFACE THERMOCHEMISTRY SOLUTIONS

WITH AND WITHOUT LOW SILICA FAIL TEMPERATURE

A number of decisions have to be made regarding mechanical removal and

nonequilibrium considerations in order to generate a set of ACE solutions.

........ This is @specially true for a material as complex as the Apollo heat shield.

The resulting ACE maps of B c versus surface temperature with B_ and pressure

as parameters can be strongly dependent upon the choices which are made. In

this section, ACE maps are presented and correlated with the data of Schaefer

for a number of assumed models which are limiting in the sense that silica is

either required to fail mechanically or permitted to serve as the material

surface. A model which appears to correlate these data well is then consid-

ered further in Section 3 where a rate law for the mechanical removal of

silica is developed.

As will be shown, strikingly different ACE maps are obtained depending

upon whether (i) the pyrolysis gases, based on the elemental composition

resulting from primary pyrolysis, are allowed to react at the surface with

the char and boundary-layer edge gases or (2) the pyrolysis gases are either

allowed to equilibrate with the subsurface char or are not allowed to react

with the char and boundary-layer edge gases. The B_ is a dominant parameter

in the former, but takes on only a secondary role in the latter. Several

models within these two categories are considered in the following subsections.

2.1 SURFACE THERMOCHEMISTRY MODELS WITH DOMIHANT B_ EFFECTS

The most straightforward application of the ACE program is to consider

the pyrolysis gas and char resulting from the primary pyrolysis to equilibrate

at the surface with each other and with the boundary-layer-edge gases, and to

consider all possible candidate surface materials while imposing no fail tem-

peratures. Based upon chemical analysis and TGA data, the pyrolysis gas and

char were assigned densities of 18 and 16 ib/ft a, the char being composed of

C*, Si02*, A1203 _, Ca0*, and B203". (An asterisk (*) is used to indicate

condensed species.) The elemental compositions of the char and pyrolysis gas

are presented in Table i.

ACE calculations performed using this model indicated that the minor con-

stituent aluminum plays an important role in the ablation process. No surface

recession was predicted to occur until very high surface temperatures, a

s _
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TABLE I

CHAR AND PYROLYSIS GAS ELEMENTAL MASS FRACTIONS

CONSIDERING MINOR CONSTITUENTS IN CHAR

Element Pyrolysis Gas Cha_____r

H 0.0930 --

B -- 0.0079

C ...... 0.5470 0.4880

N 0.0190 --

O 0.3410 0.2605

A1 -- 0.0212

Si -- 0.1852

Ca -- 0.0366

!

i

!

!

I

i
!
I

surface of A1203" being predicted. These results suggest that there is no

chemical means for removing aluminum from the char until the surface becomes

hot enough for A1203" to decompose into gaseous products. At higher B_, BN*,

SiC* and finally C* were predicted to be the surface species. Another signif-

icant feature of these results was that B_ is a very important parameter, B_

being reduced as B& is increased.

It seems unlikely that minor constituents such as A1 and B should con-

trol the surface recession. Rather, one might suspect that they would be

carried off in condensed form if there were no means for gasifi=ation. There-

fore, A1203", B203" and CaO* were removed from consideration. The approach

taken was to replace these species by an equal mass of Si02* to yield the

char and pyrolysis gas compositions of Table II while retaining the same char

and pyrolysis gas densities.

TABLE II

CRARAND PYROLYSIS GAS ELEMENTAL MASS FRACTIONS

NEGLECTING MINOR CONSTITUENTS I/_CHAR

]

i
4.

1

]

]

]

]
Element pyrolysis Gas Cha____Er

H 0.0930 --

C 0.5470 0.488

N 0.0190 --

0 0.3410 0.273

Si -- 0.239 ]

]
!

L
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The results of ACE calculations for this model are presented in Figure 1

for a pressure of 0.028 arm and several B_. Results are also shown for the

steady-state ratio of B_/_ c which is numerically equal to P_Pc" or 1 125.

The constant B_ curves are of interest in transient problems. As steady-state

ablation is approached such that the pyrolysis zone moves at the s_me speed as

the receding surface, the steady-state ratio of B_B c is attained.

_C

_l .o I I_Jtl t
STEADYSTATE _

0.4 -SURFACEMATERIAL ] n__. / I I I
l C _//

0._ - SiC _-_----_

0 " SiO2

O iO OO 200O 5OOO

SURFACE TEMPERATURE, OK

I
|
I

3

Figure I. Surface Thermochemistry Model for Reactive
Pyrolysis Gases (P - 0.028 atm)

With the minor cha_ constituents removed from consideration, Si02* is

predicted to be the surface species under the conditions of low B_ and Bc-

As B c is increased the surface changes to SiC* and then C*. At higher B_,

the SiO2* and SiC* zones disappear and the surface is C* over the entire range

of B c. Whether or not SiO2* and SiC* play such significant roles remains to

be seen, but at least silicon is a major component of the char.

The behavior of SiO2* parallels the role played by A1203" in the calcula-

tions mentioned previously. That is, there is no chemical means for removing

SiO2* from the surface until the surface temperature is sufficiently high that

decomposition into SiO and/or Si gas takes place. Reaction with C* is per-

mitred resulting, for example, in SiO and CO, but SiO then subsequently re-

acts with oxygen from the boundary-layer edge to reform SiO2* so there is no

net chemical removal of silica frem the surface by this process.*

In a nitrogen environment, this reaction could result in the removal of silica
and some carbon_ however, there is then no means for chemical removal of the

excess carbon so again thermochemical ablation theory predicts no surface re-
cession untll sufficiently high surface temperature_ that cyanogen forms and
carbon subllmes. More will be said of this later.

--- i iiii I i i I _ _ , .i m_
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There are a number of reasons that one might expect at least some mechani-

cal removal of silica at surface temperatures below the 2,200°K shown above

for the onset of thermochemical ablation. First, the silica "melts" at lower

temperatures and there will be some removal by liquid-layer flow. The loss of

" material by this manner was observed in movies of some of the Schaefer tests

(principally in the vicinity of 1,800-2,000°K} and liquid globules were found

; on t/_e surfaces after cooldown. In _ddition, there is considerable experi-

......... _.... mental-data-which confirm that Si02* and C* react at surface temperatures in

this same temperature range, and one might expect that the SiO2* which re-

forms at the surface would be mechanically weak.

!

:i

f/

In order to obtain an understanding of the effect of silica mechanical

removal on surface recession rate, calculations were performed with a low

silica fail temperature.* An unrealistically low fail temperature of 1,200°K

was chosen in order to demonstrate the effect of mechanical removal, if it

were to occur, over a wide surface temperature range. Solutions for a pres-

sure _f 0.028 atm and several B_ are presented in Figure 2.

Bc

1.0

0.8

0.6

o.4
0.2 _

0
0

_ONSTANT B'9 I I I
----4---- 0 SURFACE MATERI,_. _'J

--_- 02. " C " 1
+ 0.6 " S_C

ST_TATE

,_no oFB'g/8'c _j

I000 2000 30O0

SURFACE TEMPERATURE, OK

Figure 2. Surface Thermochemistry Model for Reactive Pyrolysis Gases

with Low Silica Fail Temperature (P = 0.028 atm)

With silica permitted to fail, the B_ curves for the lower B_ are ex-

tended down to the fail temperature. The steady-state B_ rises at the fail

temperature to a value of about 0.22 and then continues to rise slowly with

increase in surface temperature until a Tw of the order of 2,400°K at which

point it begins to rise very rapidly. The B_ is higher for values of B_

See Reference 1 for a discussion of the fail temperature concept.
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below the steady-state values and lower for higher B_. For example, the B c

is zero (i.e., no surface recession) for T w below 2,680°K for B_ of 1.0. The

B_ is considerably greater than 1.0 during a substantial portion of a typical

Apollo superorbital reentry trajectory, approaching values as high as I0 to

-_ 20 during the major heating pulse. Thus, it can be seen that the B_ is a

very important parameter in the present model.

........ T-he results o-f Figure 2 are readily explainable from the basic physics.

i Consider first the B_ = 0 curve where the problem is reduced to one of a

homogeneous mixture of SiO2* and C*. At the lowest surface temperatures, all

of the silicon in the char is removed mechanically, as the surface recedes,

in the form of condensed-phase SiO2*. Hence, the problem reduces further to

that of carbon ablation. At temperatures slightly above the fail temperature

of I, 200°K, the B c has a constant value of 0.362. This is the well-known

diffusion limit for combustion of carbon to form CO

C* + 1/202 _ CO (i)

!

-'__ _

The value of B_ for pure carbon of 0.176 is increased to the current value

because the char is only 48.8 percent by weight carbon. Thus, with the use

of a low silica fail temperature, the silica fails at just that rate such

that the carbon is exposed and can react with the oxygen which diffuses

across the boundary layer. The mechanical removal rate of silic6 is constant

on this plateau.

When the surface temperature exceeds 1,400°K, SiC* becomes the surface

species and vaporization of silica

SiO2* _ Si0 + 1/202 (2)

begins to take on importance. Thus, the amount of silica which leaves in t_e

condensed phase begins to decrease, and the oxygen released by Reaction (2)

become_ in effect, available for reaction with carbon. Another way of look-

ing at this is to consider the equivalent reaction

SiO2* + C* _ SiO + CO (3)

which is obtained by adding Reactions (i} and (2). In any event, the carbon

consumed in this process is in addition to the carbon consumed by the oxygen

/
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from the free" stream. Thus, the B c increases as the surface temperat1_re (and,

hence, the vaporization rate of SiO2*) is increased.

At approximately 1,680°K, the decowposition rate of SiO2* is sufficient

to remove the silicon from the char at the same rate that carbon is consumed

by Reactions (i) and (3). Thus, the mass removal rate of condensed-phase

....... SiO2* is reduced to zero and another plateau region is achieved, the value

of Bcbeing 0.458_ AS the surface temperature is elevated still further, the

primary SiO2* decomposition mechanism becomes

SiO2* _ Si + 02 (4)

Combining again with Reaction (I} yields

SiO2* + 2C* _ Si + 2CO (s)

It is apparent that twice as much carbon is consumed through this decomposi-

tion reaction as through Reaction (3). Thus, another plateau would be antici-

pated with a B_ of 0.62 if the concentration of SiO were to become vanishlngly

small compared to Si.

At temperatures above 2,500°K, sublimation of carbon, primarily in accord-

ance with

3c* _ c3 (6)

and reaction with nitrogen to fomCN

C* + I/2N 2 _ CN (7)

begin to take on importance and a distinct plateau is not seen for the pres-

sure considered. At surface temperatures above 2,800°K, the B c begins to rise

sharply as sublimation becomes increasingly more important.

The reduction of B_ with increase in B_ can be attributed to the way the

virgin material is distributed into pyrolysis gas and char (Table _I), carbon

in the pyrolysis gas being in excess of _= required for equilibrium. An

examination of the state of the gas at the surface in the carbon-plateau region

reveals that the only abundant species co_talning carbon is CO, _,lereas the

ratio of carbon to oxygen in the original pyrolysis gas is considerably higher,
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being in the form of various hydrocarbons. Thus, in order to achieve the sur-

face gas composition, reactions of the form

C2H2 + 0 2 _ H 2 + 2C0
(8)

are proceeding to the right. The net effect is that pyrolysis gas being sup-

plied from the decomposition zone consumes oxygen from the boundary layer edge

without contributing to surface recession.

The reactive pyrolysis gas surface recession model considering a low

silica fail temperature was applied to a number of the ground tests of Schaefer,

ct. al. (Ref. 4). ACE maps of B_ for various B_ and Tw were generated for the

test conditions and these were employed as input to the CMA charring ablation

program (Ref. 3) to obtain predictions for transient ablation rates and tem-

peratures.

Results are presented in Figure 3 for two typical tests, the first a 60

second test at a pressure of 0.0079 atm pressure and 10,970 Btu/lb enthalpy±

and the second a 90 second test at 0.0282 atm and 10,270 Btu/Ib. Shown in

F
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i
, i
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J _ ...... PI[D[CT'D R_ ' .......

' '_ CnA/AC£ pIIOGIAll _
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• ..... PI[D[CT[O |Y !
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oiil
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TI_, $[6

Model 91/BH/2.0 (HT = 10,970 Btu/ (b) Model 27/BH/2.0 (HT : 10,270 Btu/

ib, PT2:0.0079 arm, _ = 60 sec) Ib, PT2 = 0.0282 arm, 8 = 9_ sec)
Figure 3. Correlation of Reactive Pyrolysis Gas Surface

Thermochemistry Model with Ground Test Data
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these figures are the predicted and experimental values of T w and predicted

and B&. Measured and predicted total surface recession i_ also indicated.

The most striking result of these calculations is that the total surface re-

cession is substantially underpredicted - 3 mils compared to 152 mils in the

first case and 134 mils compared to 391 in the second. The second result of

consequence is that the predicted ablation rate is strongly dependent on

time. In contrast, as discussed in Appendix C, at test conditions even less

severe than those reported here, series of tests at nearly identical condi-

tions for various test durations (e.g., 60, 120, and 240 seconds) showed that

the average ablation rate was fairly insensitive to time and, if anything,

actually decreased slightly with increased test duration. The reason for the

predicted behavior, that of low, time-dependent ablation rates &_n be attri-

buted directly to the B_ which were quite high early in the test and reduced

asymptotically thvreafter.

A transient ablation prediction was also made for a recent Apollo super-

orbital flight using this model. Consistent with the ground-test correlations,

the prediction was considerably low, 22 mils compared to a measured value of

about 200 mils (Ref. 5). Clearly, this surface thermochemistry model is in-

adequate. In particular, the problem appears to lie in the dominant effect

of B_ on the surface recession.

2.2 SURFACE THERMOCHEMISTRY MODELS WITHOUT DOMINANT B_ EFFECTS

There are several thermochemical ablation models which one could postu-

late which would tend to eliminate the strong B& effect. First, recalling

that it is the carbon in the pyrolysis gas in excess of that required to con-

vert the oxygen in the pyrolysis gas to CO that produces the strong B_ effect,

one might consider a different elemental composition of char and pyrolysis

gas, transferring carbon from the pyrolysis gas to the char. Secondly, reac-

tions between the pyrolysis gas, char, and boundary layer gases may not pro-

ceed to equilibrium. Thirdly, the pyrolysis gas may not mix thoroughly with

the other gaseous species.

There is experimental evidence that would qualitatively support the

first and third of these possibilities. First, examination of flight data

for the Apollo heat shield material (Refs. 5 and 6} has shown that there is a

substantial increasein carbon density near the surface, obviously due to

in-depth coking reactions. Secondly, an examination of both ground data

(Ref. 4) and flight test data (Ref. 5) for the Apollo heat shield material

has shown numerous fissures in the char. One could speculate that a bulk

•/
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of the pyrolysis gas might pass out through these fissures and jet, for the

most part, out through the boundary layer without mixingwith the boundary-

layer gases. These three models will be considered in the order listed.

ACE maps will be generated and compared to the ground test data of Schaefer

et. al. (Ref. 4).

2.2.1 Reactive Pyrolysis Gases Considering Coking .............

The effect of coking was treated approximately by removing all of the

carbon from the pyrolysis gas in excess of that needed to'convert the oxygen

in the pyrolysis gas to CO and assigning this excess carbon to the char ele-

mental composition and density. The resulting elemental compositions are

shown in Table III (see Table II £er elemental composition of noncoking model).

The char density is increased from 16.00 to 21.24 ib/ft 3, while the density

of the pyrolysis gas is correspondingly decreased. Solutions for a pressure

of 0.028 atm and a range of B_ are presented in Figure 4 and can be compared

to the norcoking results of Figure 2. The results for steady-state ratios

of B_B_ are also indicated on these figures.

.... TABLE III

CHAR AND PYROLYSIS GAS ELEMENTAL MASS
FRACTIONS CONSIDERING COKING

Element Pyrolysis Gas Char

H 0.1311 --

C 0.3614 0.614

N 0.0268 --

O 0.4807 0.206

Si -- 0.180

1.0

0.8

0.6
Bc

0.4

0.2

Figure 4.

.... STEADYSTATE--_-- t- .... l_tt _-_--i

-- oFB IBcI c-,J/I, II

LOW SiLiCA FAILt 8'Q =l.O_p,-.-_P

I I 7 _["z-Y/1/"Y°J I0
o I0oo 2000 3000

SURFACETEI_ERATLP,E, °K

Surface Thermochemistry Model for Reactive
Pyrolysis Gases Considering Coking (P = 0.028 atm)
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In contrast to the nuncoking model, the coking model yields plateau be-

havior with little effect of B_ for T w below 2,200°K. This result was not

unanticipated as discussed previously. Briefly, in the coking model all of

the carbon in the pyrolysis gas is tied up in CO so that the pyrolysis gas

is neutral_ whereas, in the noncoking model oxygen from the boundary layer

reacts with carbon from the interior of the material when B_ is greater than

the steady-state value. In the steady-state limit, the coking and noncoking

models yield identical results for surface recession of the virgin material,

B_ = B_ + B c. This, of course, must be the case since _che composition of

the virgin material is the same for both models.

i
i

In order to compare this and future theoretical models to the data of

Schaefer, the following approach iF utilized to simplify the presentation.

First, theoretical solutions are shown only for B_ = 0.6. The results of a

number of transient theoretical predictions for the test conditions of

Schaefer for various theoretical models have indicated that the B_ consis-

tently rises to a maximum of about 2 to 4 but then drops rather quickly in

the test to a value of 0.8 to 0.4 (see Figure 3 for example). Secondly,

data are presented for two pressures, 0.008 and 0.028 atm, whereas theory is

shown only for the latte£ pressure. -The theoretical effect of a decrease in

pressure from 0.028 to 0.008 arm is typically to move sublimation and vapori-

zation curves to T w which are 100 to 200°K lower, while values of B c on the

various plateaus are independent of pressure.

.o

o.

7

The data of Schaefer, reduced to B c versus T w by the methods described

in Appendix C, are compared to the coking theoretical model in Figure 5.

One can conclude from this figure that either most of the experiments _mre

conducted in the sublimation regime and experimental and analytical uncer-

tainties combine to yield a 500 to 800°K discrepancy, or that the data lie

well above the "upper limit" prediction. There is good reason to believe

that the former is not the case, in which case one must conclude that this

model is unsatisfactory. In the first place, liquid globules were detected

in many of these tests, attesting to the validity of the measured surface

temperatures, and hardly being indicative of graphite sublimation temperatures.

Secondly, the results of transient solutions indicated that there is not suf-

ficient energy available to achieve sublimation conditions.

l
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Figure 5. Correlation of Coking Surface Thermochemistry

Model with Ground Test Data

2.2.2 Frozen Pyrolysis Gases

At relatively low surface temperatures one might expect that the pyroly-

sis gases would not e_ilibrate with-the char-andb0undary-layer gases at or

near the surface. The feedback to the surface of the effect of reactions

further out into the boundary layer is relatively small. Hence, it is of

interest to consider the case of a frozen pyrolysis gas.

Frozen pyrolysis gas ACE maps were generated based upon the following

conjectured molar composition: x(C2H4) = 0.30, x(CO) = 0.20, x(CH3) = 0.15,

x(CH4} = 0.15, x(H20) = 0.15, X(N2) = 0.04, and x(H2) = 0.01. This composi-

tion is consistent with the elemental composition of the p}Tolysis gases

(Table II) and is believed to represent reasonable estimates of species which

might be expected for the Apollo heat shield material. A fictitious element

of atomic %_ight22.5 was used to represent the pyrolysis elemental composi-

tion, and a molecule consisting of one atom of this element and with the

enthalpy-temperature relation of this gaseous mixture was defined.

The results are shown in Figure 6 for a pressure of 0.028 arm and B_ of

zero and 1.0. It can be seen that B; has no effect in the various plateau

regions and has only minor effect in nonplateau regions. Furthermore, it

may be noted that the plateau values of B_ are higher than in the case con-

sidered pr6_iously where the pyrolysis gas was inert because of in-depth

coking. The reason for this is that carbon in tha pyrolysis gas is removed

from the virgin material in the present model without requiring it to react.
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Figure 6. Surface Thermochemistry Model for Frozen
Pyrolysis Gases (P = 0.028 arm)

The theoretical predictions are compared to the data of Schaefer in Fig-

ure 7, together with another prediction to be discussed later. The experi-

mental B_ data points are lower tha_ in the coklng model because, for a given

S, the mc is lo_r due to a lower Pc" Also, as discussed previously, the

theoretical prediction for B c is higher. However, a substantial amoL_nt of

the data are still underpredicted.

As indicated on Figure 7, SiC* is predicted to serve as the surface

species for surface temperatures from 1,400 to 2,580°K. On the other hand,

post-test chemical analyses of char material have indicated very little SiC*

present. It is of interest, therefore, to investigate the significance of

the SiC* surface.
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rr.e_TU_ _-J-P_;C d_, J___ I

I _ I"-C "P--_NI;';L_ I FAIL-
LOW SILICA FAJL_'S_I_

1000 2O00 30O0

SUI::tFAC_TEMPERATURE, oK

Figure 7. Correlation of Frozen Pyrolysis Gas Surface Thermo-
chemistry Model with Grourd Test Data
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ACE calculations were thus performed with SiC* removed from considera-

tion. This, in effect, is saying that the formation of SiC* is kinetically-

limited. The effect on the solution is minor (as long as Si3N4* is also

removed from consideration), the B_ being increased for T w of 1,800 to 2,580°K

but by no more than five percent.

When Si3N4* is considered but require_ td-fail,-aWuSs£ahtial increase .................

in B_ is predicted for Tw of 1,480 to 1,750°K for the P and B_ considered

(B_ rises to a peak of 0.60). This behavior is a result of an equilibrium

potential to form Si3N4* at wall temperatures above 1,480°K in accordance

with the relation

2
N 2 + Si02* + 2C* _ 1 Si3N4. + 2C0 cgi

Silica in the char is removed in the form of condensed-phase Si02* and/or

Si3N4* depending upon the equilibrium of this reaction. The increase in B_

occurs as the reaction moves to the right since there is the net effect that

carbon is being oxidized by the oxygen in the silica. The effect decreases

for T w above 1,530°K as a consequenceof the fact that the Si02* begins to

decompose into sio so that eventually, at T w above 1,750°K, Si3N4* is no

longer being formed and only one-half of the oxygen in the silica is avail-

able to attack the carbon.

ACE maps were also generated considering a low SiC* fail temperature of

1,200°K. Solutions for B_ of 0.6 and P = 0.028 atm are also presented in

Figure 7. The low SiC* fail temperature is seen to have a dramatic effect

on the theoretical predictions; namely, the B_ is approximately doubled in

the region where SiC* wants to be the surface species.

In order to gain further insight into these results, the B_ and T w for

these solutions are tabulated in Table IV together with the predicted sur-

face species and normalized mechanical removal rates for SiO2* and SIC*.

Starting at the 1,200°K fail temperature for Si02*, the surface is SiO2* and

Si02* is failing. As B_ is increased, the normalized Si02* removal rate in-

creases to a maximum of 0.0796 at the carbon plateau value for B_ of 0.362.

The surface then changes to carbon and the B_ remains constant until a T w

of 1,390°K at which point equilibrium dictates that silica-carbon reactions

begin to be significant in accordance with the relation

si02* + 3c* _ sic* + 2c0 (10}
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TABLE IV

SURFACE THERMOCHF_qISTRY SOLUTIONS WITH AND WITHOUT SiC* FAIL

TEMPERATURE OF 500°K (FROZEN PYROLYSIS GASES, SiO2* FAIL

TEMPERATURE OF 500°K, B_ - 0.6, P = 0.028 ATMOSPHERES)

%

Tw
0.0100

0.0500

0.1000

0.1500

0. 2000

0.2500

0. 3000

0.3500

0. 3616

0.3620 i
i

Inte_d_ate

(a) with low

0. 3620

0.4000 I
0.5000

0.6000

0. 7000

0.8000 I
i

0.9000 I

0.9 715 (max)

0.9686

0.9635

0.9555

0.9403

0. 8790

Tw(°K)

(Independent

500

1200

1390

Tw
SiC*

Surface Normalized Mechanical Removal

Species Rate For

- Si02* SiC*

of SiC* fail temperature)

SiO2*

p

SiO2*

C*

C*
I
i

fail temperature

0.0022

0.0111

0.0224

0.0341

0.0448

0.0562

0.0675

0.0777

0.0796

0.0796

0o

I

(max) 0.

1390

139 3

1399

1405

1410

1414

1418

1420

1600

1800

2000

2200

2400

C*

i

i

i

I

I

C*

0.0796

0.0746

0.0617

0.0488

0.0357

0.0226

0.0094

0.

0.

0B

0.0134

0.0486

0.0 840

0.1196

0.1553

0.1912

0.2168 (max

0.2157

0.2136

0. 2103

0.2029

0.1672
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TABLE IV (concluded)

%

(a) With l_.r

0. 8480

0. 8038

0. 7413

0.6532

0.609

(b) With no
I

0. 3620 1390

0. 3961 i 1600

0.4575 1760

0.4583 2000

0. 4695 2200

o.s3so --- 2400 -

0.609 2575

High Tw (Independent

0.609 2575

0.6122 2600

0.6 321 2800

0. 7075 3000

SiC* tail

2440

2480

2520

2560

2575

Surface

Species

Normalized Mechanical Removal
Rate for

temperature (concluded)

C*

!

i
p

C*

SiC* fail temperature

SiC*

of SiC* fail temperature)

C*

L
C*

Si02* SiC*

0. 0.1482

0.1210

0.0822

0.0273

0. 0.

I
T

O.

!

O. O.

O. O.

t
O. O.

0.0796

0.0517

0.
I

- - I

SiC*

i......

i

I

i
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As this reaction begins to move to the right, SiC* forms and fails and less

Si02* is available to fail. At the peak B c of 0.972, the surface is still

C*, and mechanical removal is all in the form of SiC* (meaning that Reaction

(10) has gone to completion} and is at a peak value of 0.217. Here the car-

bon is oxidized by the boundary-layer edge gas and all of the exygen in the

silica, and, in addition, carbon is being removed mechanically via SIC*. As

wall temperature is increased, the SiC* removal rate (and hence the Bc) dro p ........ _I ......

until T w = 2,575°K, B c = 0.609, and mechanical removal is zero. This decrease

in B c is the result of Sic* decomposition into gaseous products, less carbon

being carried away in the form of SIC*. (When SiC* is not allowed to fail,

it becomes the surface species at T w of 1,390°K° AS B c and T w increase, the

mechanical removal of SiO2* decreases until T w = 1,7600K, B c = 0.4575 and

the mechanical removal zate is zero. SiC* then remains as the surface species,

with no mechanical removal0 until T w = 2,575°K and B c = 0.609.} At this point,

in either event, the surface is C*, there is no mechanical removal, and B c

increases monotonically with T w.

The theoretical model for frozen pyrolysis gases with low SiC* fail tem-

perature is seen to encompass all of the Schaefer data points for the two

pressures considered in Figure 7. The significance of this result is dis-

cussed in Section 2.3.

2.2.3 Fissure Model

The idea for the "fissure" model arises from an observation of 15X photo-

macrographs of char samples from a recent recovered Apollo flight vehicle

(Ref. 5) add from ground tests of Schaefer et. al.(Ref. 4} which revealed

sizeable fissures in many, if not all, of the char segments (i.e., the charred

filler material between the honeycomb walls). These fissures appear to lead

from the decomposition zone to the surface. It is conjectured that the pyroly-

sis gases instead of passing homogeneously through the char may flow, for the

most part, along the fissures and pass inefficiently through the boundary

layer. With regard to thermochemical ablation theory, the results presented

previously for B_ = 0 are directly applicable. However, there is a major

difference when it comes to applying these results to determine mc; namely,

in the fissure model there is assumed to be no reduction of the convective

heating rate by the pyrolysis gas. Thus, DeUeC M and mc are higher for the

same B_.

The data of Schaefer are compared to the fissure model in Figure 8. The

disallowance o£ a blowing correction for B_ substantially increases the
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experimental PeUeCM and thus decreases the experimental B c (for the observed

S) relative to nonfissure models. As a result, all data are encompassed by

the upper and lower-limit theories relative to the status of the silica in

the char. Again, the significance of this result will be discussed in Sec-

tion 2.3.

_c
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SURFACE TEMPERATURE,

_ Figure 8- Correlation of Fissure Surface Thermochemi-stry

Model with Ground Test Data

2.3 DISCUSSION OF RESULTS

There are two major conclusions which can be made on the basis of the

results presented in Sections 2.1 and 2.2. First, there must be a mechanism

for mechanical removal of silica since a number of the tests show substan-

tial ablation at surface temperatures well below those corresponding to silica

decomposition. A rate law for the mechanical removal of silica will be pre-

sented in Section 3. Secondly, there must be a means by which carbon is re-

moved in excess of that which can be consume_ by reaction with oxygen in the

boundary layer and in the silica. Two possible mechanisms have been identi-

fied - the formationand mechanical removal of SiC* and the loss of pyrolysis

gases (which contain carbon which would otherwise have to react) because of

fissures which form in the char.* Alternatively, carbon could erode mechani-

cally and/or nitrogen could contribute to the ablation of the carbon. The

question, then, is which of these models is physically the most realistic.

The use of an empirical coking model as an alternative moans for reducing

the effects of blowing on the convective heating has been used with good

success by Curry and Stephens (Ref. 7} in analyzing the results of the

flight tests of the Apollo thermal protection system.
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The subject of nitrogen att_k of car_on is the most easily dealt with _

so it will be considered first. There has been a significant amount of data _|_.

generated (e.g., Refs. 4 and 8) which show that the Apollo heat shield mate-

rial ablates in nitrogen at approximately one-third the rate at which it

ablates in air under otherwise similar conditions. There is also data (Refs. :"

4 and 8) which show that substantially less ablation takes place in helium. :-

Thus, one must conclude that nitrogen contributes £o the ablation process_. -- ....... i _ ......

However, there is an even larger body of data which would show that carbon

does not react significantly with nitrogen in the surface temperature range

of concern here - 1,500 to 2,500°K.

The effect of nitrogen might be as a catalyst to silica-carbon reaction

which exhausts all the silica and a stoichiometric amount of carbon (the char

being carbon-rich relative to reaction with silica}. The severely weakened ..

and now unreinforced carbon grains might then erode mechanically. This could

occur even in the absence of significant external shear because of the stress__s

induced by the pyrolysis gases as they pass through the char. If this is what f

happens, the next question to ask is what the effect of nitrogen might be in __

the presence......... of oxygen when the environmental gas is air. Agai_r, one can only

conjecture, but one might suspect that the effect would diminish or even _]

vanish since now the oxygen provides a means for removing the weakened carbon.

In any event, one could conclude that the nitrogen effect is reallynothing [I

more than an identifiable type of chemically-induced mechanical removal. I

With regard to the possibility of mechanical removal, the above discus-

sion sheds some light. First, there is little or no erosion in helium. The

small dimensional change that has been observed is usually attributed to

shrinkage. Secondly, the mechanical removal in nitrogen is only about one-

third of that in air so one wouid not expect an increase in ablation rate

relative to the thermochemical contribution of more than this amount and, as

has been stated previously, it might be expected to be considerably less siuce

there is now a mechanism for removal of the weakened carbonaceous surface ma-

terial by oxygen. Thus, mechanical removal of carbon is not believed to con-

tribute more than, say, i0 to 20 percent to the surface ablation rate, if that.

t.

This leaves the two possibilities discussed previously - mechanical re-

moval of SiC* and�or a reduction of pyrolysis gas blowing effects as a conse-

quence of fissures in the char. The data examined to this point do not permit

a definitive choice between these models. Both envelop the Schaefer data be-

tween solutions with and without silica failing. Fissures have been observed

in post-test chars but so have tra_es of SIC*. Intuitively, the fissure
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model is somewhat more satisfying and thus is tentatively selected as being

more likely. Correlations with flight test data using this model are pre-

sented in Section 4. First, however, a rate law for mechanical removal of

silica at low surface temperatures is developed in Section 3.

/"
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SECTION 3

DEVELOPMENT OF RATE LAW FOR REMOVAL OF SILICA

AT LOW SURFACE TEMPERATURES

3.1 I_ERODUCTORYREMARK S

Having tentativelyadopted the fissure noncoking model (Figur_8]u it ..........

remains to attempt to rationalize the experimental data which lie, for the

most part, between the solutions for silica failing and not failing. Recall-

ing that the use of a fail temperature provides a means for mechanical removal

of a condensed species which wants to serve as the ablating surface, it is

clear that some silica is removed mechanically but not so much as to permit

diffusion-controlled ablation of carbon. The mechanical removal of silica

from the Apollo heat shield material is believed to be a complex interrelation-

ship between kinetically-controlled silica-carbon reactions, melting with sub-

sequent liquid layer removal, and possibly mechanical erosion.

It is well known that there is an equilibrium potential for silica-carbon

reactions at relatively low temperatures but that kinetics limit the rate at

which this reaction _roceeds below temperatures of 2,000°K or so. Thus a

reaction such as Equation (3) is taking place in the char layer at and near

the surface. However, in the surface temperature range for which a SiO2* re-

cession model is desired, the SiO will react with oxygen from the boundary

layer to reform condensed-phase silica, designated (SiO2*)' to distinguish it

from the original silica in the material

SiO + 1/202 _ (SiO2*)' (ii)

This process is illustrated in the following sketch.

/ SiO +%02

CO + Si Char

SiO2* + C*

N
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Thus in the actual case one would expect Reaction (3) to proceed at some

finite rate and to act together with Reaction (Ii) to produce a net attack

of the carbon by the oxygen in the boundary layer

C* + _2 _ CO (12)

- This would be expected toq_roduce a gradual buildup of a (SiO2_) ' layer over

a receding subsurface consisting of the original SiO2* and C* if the (Si02*) '

that forms (or original SiO2* for that matter) does not flow or slough off.

One may well ask, then, why zero surface recession is predicted with the

ACE program unless silica is removed mechanically. The answer lies in the

fact that the ACE program considers only the surface and, at this surface,

allows only one condensed phase tc exist. In the ACE calculations reported

in previous sections, there is no distinction made between Si02* and (SiO2*)'

Therefore, if Si02* is not allowed to fail, it is predicted to be the surface

and zsro surface recession is predicted since there is no mechanism for re-

moving _t. On the other hand, when a low SiO2* fail temperature is applied

and the silica-carbon reaction is considered to proceed at an infinite rate,

_e (SiO2*)' is removed as fast as it forms and the surface recession is

limited by the rate that oxygen can diffuse to the surface to react with the

carbon surface. This is illustrated in the following sketch:

(Si02*) ,

CO "+;la//_

Si02* + C*

i

:i
I

ZI

.+..-

T

.-

U ..\
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Since the prediction of zero surface recession in the absence of a low

silica fail temperature is the result of a limitation in the ACE program, it

is well to perform independent calculations to ascertain whether or not sur-

face recession can be explained on the basis of silica-carbon kinetics alone,

with the net effect being the recession of an inner surface under a redepos-

ited silica layer. This is done in Appendix E for the surface temperature

range where a silice_us-_ab-C_vers-the _urface (1,460 to-l,_40°K). Apply-

ing generally accepted kinetic coefficients for silica-carbon reactions, it

is shown therein that reaction rates are insufficient to explain surface re-

cession rates in this surface temperature range on the basis of silica-carbon

kinetics alone.

3.2 DEVELOPMENT OF RATE LAW FOR GROUND TEST DATA

Xn order to simulate the redeposited silica layer with the ACE program

it is _ecessary to distinguish between the silica in the original material,

say GLASS, and the redeposited silica, (SiO2*) ' The GLASS and (SiO2*) ' have

identical properties with the exception that the latter has a low fail tem-

perature and the former has a reduced entropy. (Th_s artifice is introduced

in order to achieve a one-way reaction.) The surface material GLASS is com-

posed of the element GLASS and is allowed to communicate with the boundary-

layer gases only through the one-way reaction

GLASS -_ (SiO2*} ° (13)

The (SiO2*)' is composed of the conventional elements Si and O and is consid-

ered to be in equilibrium with the boundary-layer gases. In effect, then,

the GLASS is considered to be converted to (SiO2*) ' at just that rate such

that the (SiO2*) ' will fail so as to yield the experimentally observed B_.

Since this model is predicated on the assumption that (SiO2*) ' is failing,

it becomes inapplicable when the vapor pressure of SiO and Si become suffi-

cient to vaporize all of the (SiO2*)' That is, it is inappropriate to ki-

netically limit the decomposition of silica into gaseous products. Thus,

it is employed only when it results in mechanical removal of (SiO2*)'

In order to develop an analytical expression for a rate law for Reaction

(13} the data of Figure 8 which lie to the left of the silica vaporization

curves are plotted in Figure 9 as log (B_V-_ versus I/T w. It can be seen

that a straight llne fits the data quite well. This linear curve can be

represented in equation form by

1

I

i
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B_V'_-= s e_C-_a/_T _

where B = 4.24 and E a = 19,000 with T w in OK and P in atmospheres.

(14)

_<.04

I_" .02

i_.o I

.006

.004
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Figure 9. Correlation of Schaefer Ground Test

Data in Terms of Bc%/P-

ACE calculations were made considering this rate-controlled reaction and

this rate law and the results are presented in Figure I0. It can be seen that

the empirical fit of the low surface temperature data together with thermo-

chemical ablation theory correlates the Schaefer data quite well.
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Figure I0. Comparison with Ground Test Data of Fissure Surface

Thermochemistry Model Including B_%/P-Correlatiom for
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The above correlation is only a partial and approximate check on the

validity of the fissure thermochemical ablation model. In the first place,

the ACE correlations utilize the experimental surface temperature data which

may be in error and whic:1 may differ from predicted temperatures because of

imperfections in the material thermal properties model. Secondly, the corre-

lation utilizes average ablation rates and surface temperatures whereas tran-

...... sient effects m_y be important in some cases. Thirdly, the calculation of

_eUeCM from the S needed to calculate the normalized ablation rates, Bc, are

only approximate. Therefore, transient ablation predictions were made using

the Charring Material Ablation (CMA) program for two representative Schaefer

test conditions and compared to the test data. The fissure model of Figure

i0 was employed -ince it offered the best correlation in the ACE comparisons.

The two tests chosen for the correlation with CMA predictions were

Models 114/BH/4.0 and 124/BH/4.0 (see Appendix C). These tests were chosen

since they were accurately represented by the theoretical model. Thus any

disagreement would reflect deviations from the experimental Tw and/or B c used

in the ACE correlations. The predicted surface and in-depth temperatures for

these two tests are compared to the measured valu_:s in Figure II, while S and

B c predictions are presented in Figure 12.

(a) Model II4/BH/4.0 (H_ - 4,910 Btu/ (b) Model 124/BH/4.0 '_,_ - 19,040 Btu/

ib, PT2 = 0.0112 atm; 8 = 210 sec) Ib, PT2 = 0.0279 atm[ 8 = 20 sec)

Figure II. Comparison of Fissure Model Predictions for Surface Temperature
with Measured Data for Two Schaefer Ground Tests
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Figure 12. Fissure Model Predictions for Surface Recession Rate
for Two Schaefer Ground TeSts

In the two tests considered, the surface temperatures are seen to be

overpredicted by about 500°R. As a consequence, surface recession was sub-

stantially overpredicted since the solutions both fall in the temperature-

sensitive rate-controlled silica-removal regime. Predictions for surface

recession would be expected to be much better for more severe conditions

where the B_ i_ relatively insensitive to temperature.

It might appear to the reader that this overprediction is unacceptably

large and that some modification of the thermal properties or surface thermo-

chemical models is in order. This has not been done since the solutions are

conservative wit/_ regard to thermal penetration and surface recession and

some conservatism is demanded when it is recalled that the two tests consid-

ered here are represented accurately by _e empirical silica-removal rate

law, whereas there are a number of experimental data points that fall well

above that rate law for a given Tw (see Figure 9). In addition, as mentioned

previously, the overprediction in surface recession would be substantially

reduced at higher surface temperatures where carbon plateau behavior is en-

countered. It is thus significant that in severe trajectories where surface

recession would be critical, the temperature-sensitive rate-law regime is

passed over quickly and most of the ablation takes place in the plateau re-

gion. Finally, it is felt that conservatism is especially warranted in a

region where the ablation rate is strongly dependent upon temperature since

if a considerable portion of the trajectory is spent in this temperature

region, a small nonconservative error in heating rate, for example, could

produce a large underprediction in ablation.
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3.3 APPLICATION OF RATE LAW TO FLIGHT TEST CONDITIONS

Having now a satisfactory correlation of ground test data, one most ask

whether this can be extended directly to flight conditions. The primary

question to be resolved is whether the rate law for mechanical removal of

silica should be applied to flight as B_ versus Tw or as S versus Tw.* There

is considerable distinction between these two approaches because of the order-

of-magnitude difference-i_ size between ground-test models and the full-scale

Apollo vehicle. The correlation which has been presented is for B c versus T w-

The alternative of S versus Tw was therefore also considered.

The data of Schaefer which lie to the left of the silica vaporization

curves in Figure 8 are presented in Figure 13 as log S versus 1/T w. It can

be seen that the correlation is very similar to the correlation of B'V_-ver-
C

sus Tw of Figure 9. This is understandable since B_ and S differ only by

PeUeCM which for stagnation-point flows is given approximately by

CH CH° _ K_
PeUeCM CM C H

(15)
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Figure 13. Correlation of Schaefer Figure 14.
Ground Test Data in Terms
of

Surface Thermochemistry Map
_or Apollo Vehicle Based on
S Correlation of Ground Test
Data

Studies performed by Curry and Stephens (Ref. 7) utilizing a S-T_ correlation
(also diffusion limited) in conjunction with an empirical rate l_w for coking
and without considering fissures have yielded good agreement with flight data.
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where K is nearly constant and Ref f is the effective nose radius. Therefore,

for a given Reff, _ is nearly proportional to BcV_--and the two correlations

are equivalent. However, in going from ground to flight test conditions the

correlations are vastly different because Ref f varies by more than an order

of magnitude. To illustrate, application of the S correlation of Figure 13

to the Apollo vehicle shape yields the ACE map of Figure 14. It can be seen

that the S _rrelation shifts the rate law to substantially lower surface

temperatures. On the other hand, if Bc%/-P-versus Tw were to be applied to

flight, the ACE map of Figure I0 would be directly applicable.

If the empirical rate law were strictly a rate law representing the

kinetics of the silica-carbon reaction and this reaction did not depend to

any great extent upon melting or liquid removal, one might favor the S corre-

lation. However, it should be recalled that it is, rather, a rate law for

representing the mechanical removal of silica. If melting is the controlling

process then the B_ correlation is probably more meaningful because the vis-

cosity of silica is so strongly temperature-dependent. It is believed that

something intermediate is the real situation, but that of the two extremes

the B_ correlation is somewhat more realistic.

In Section 4 the fissure model is applied to recent superorbital flight

data using both approaches. The B_ correlation results in substantial agree-

ment for total recession and surface temperatures for the single body point

and flight considered, whereas the S correlation results in substantial over-

prediction of total recession.
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SECTION 4

CORRELATION OF SURFACE THERMOCHEMISTRY MODELS

_TITH FLIGHT DATA

4.1 INTRODUCTORY REMARKS

During the course of the present study, the various thermochemistry mod-

els describe-d and subjected to ground-test data in Sections 2 and 3 were ap-

plied to superorbital flight data for the Apollo heat shield material. Un-

fortunately, an official (and presumed accurate) trajectory was not available

until late in the study: therefore, several of the early calculations were

performed with an unofficial trajectory which was markedly different from the

official one. Also, these early calculations were performed withe prelimin-

ary set of material thermal properties. This was subsequently changed to

agree with the best available data (see Appendix A) and this revised set was

used for all subsequent calculations. Thus, the results of these early cal-

culations are not quantitatively correct. They are useful, however, for

qualitative comparisons of the models and provide indications of some impor-

tant trends. In Section 4.2, results of some of these preliminary flight

calculations are given. Flight predictions based on the correct trajectory

and material property data are presented in Section 4.3.

4.2 PRELIMINARY FLIGHT CALCULATIONS

The trajectory information supplied by NASA-MSC for these preliminary

studies included altitude, velocity, and stagnation point convective and

radiative heat transfer rates as functions of time. Multiplication factors

for heating rates and pressure at the point of interest (a position 1.31 feet

downstream of the stagnation point along the windward ray) were also given.

The recovery enthalpy, radiation flux, convective heat transfer coefficient

and pressure, required as inputs to the CMA program, were calculated by stand-

ard procedures. Thirty time points were used to describe the trajectory.

In the heat shield material itself, a total of 36 nodes were used to

describe the ablator depth of 1.988 inches. For convenience, an insulated

backface was assumed. This proved to be adequate since no heatup of the rear-

most nodes occurred. A laminar blowing reduction parameter was used. The

ratio of mass-to-heat transfer coefficients was taken to be unity, and equal

diffusion coefficients were considered in the boundary-layer. A planar geom-

etrywas assumed for all calculations.
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The surface temperature and surface recession predictions for the reac-

tive-pyrolysis-gas nonfissure model, the frozen-pyrolysis-gas nonfissure

model, and a composite frozen/reactive-pyrolysis-g_s nonfissure moCel are

shown in Figure 15. A silica fail temperature of 900°K was used in these

calculations. It is seen that although the surface thermochemistry models

are quite different, the surface temperature is approximately the same for

all ca_es7 The-major effect of the thermoch-emistry assumptions shows up in

the predicted surface recession rates. The reactive pyrolysis gas model re-

sults in almost no surface recession, whereas the frozen and frozen/reactive

composite models give about the same recession. Calculations were also per-

formed for the composite-frozen/reactive-pyrolysis-gas model with a fail tem-

perature of 1,400°K rather than 900°K. The effect on surface temperature was

again small, but the surface recession decreased from 391 to 194 mils. (The

900 and 1,400°K fail temperatures were chosen as being indicative of S and

Bc%/P--correlations , respectively.) Thus, it can be concluded, at least for

this particular trajectory, that the surface recession is very sensitive to

the particular thermochemical model and rate law which are employed, whereas

the surface temperature is not.
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Another useful result of the preliminary studies is an insight into the

partitioning of energy as it reaches the surface. Over a very large portion

of the flight, approximately 75 percent of the energy reaching the surface

is reradiated. Conduction into the material accounts for most of the remain-

ing energy. The contribution to the various chemical ablation terms is neg-

ligibly small. Thus, the ability to predict surface temperature accurately

depen_spri_n_ar_ly upon knowledge of the co_-vect_ve and radiative heating

rates (including ablation effects o_ these rates) and the surface emissivity.

As discussed in Appendix A, data in the literature indicate a value for sur-

face emissivity of approximately 0.65 at relatively high temperatures. No

data are available for lower temperatures where a glassy surface may bring

about a lower emissivity or for very high temperatures where the emissivity

may approach unity. A value of 0.65 was used for all predictions presented

in this report.

4.3 FLIGHT PREDICTIONS USING OFFICIAL TRAJECTORY AND Ct_RENT

MATERIAL PROPERTIES MODEL

For the flight predictions presented in this section, the best available

flight trajectory*and material properties (Appendix A) vmre used. The tra-

jectory parameters needed for the CNA program were calculated in the same

manner as described in Section 4.2; the nodal network and other assuEptions

necessary to use the CMA program were also the same. For the flight and

body point in question, a maximum stagnation point convective heat flux of

nominally 300 Btu/ft_sec occurs at 30,040 seconds, and a maximum radiative

flux of 160 Btu/ft_sec occurs at 30,030 seconds.

Figures 16 and 17 present flight prediction results for surface reces-

sion and temperatures, respectively, for two thermochemistry models, a non-

fissure composite-frozen/reactive-p_rolysis-gas model and the fissure model.

In both cases a conservative fail temperature of 900°K was considered. Also

included in Figure 17 are the measured temperatures from on-board instrumen-

tation (thermocouples) for the body point and flight considered. The mea-

sured temperatures of Figures 17(a} and 17(b} are subject to question since

the 0.i inch thermocouple was exposed by the receding surface for the latter

part of the flight. Total predicted ablation for these cases was 620 mils**

The details of this trajectory have not yet been released and therefore are

not presented in this report.

e.

It is of interest to compare this to a prediction of 391 mils for the same

surface thermochemical model for the old trajectory and material properties.

This illustrates the sensitivity of the surface recession prediction to the

trajectory.
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for the composite nonfissure model and 788 mils w."__ the fissure assumptions.

Actual ablation for this flight was approximately 200 mils (Ref. 5). Tem-

peratures in depth _ere also seriously overpredicted by ths fissure model,

although some of this overprediction can be attributed to the excessive abla-

tion rates which were calculated. The higher ablation and higher temperatures

for the fissure model can be attributed to the much smaller blowing correc-

tion on convective heat transfer to the body. In addition, the pyrolysis gas

is not _allowed to absorb as much energy with the fissure model.

The next logical step in testing the fissure model for the flight case

was to employ the ACE map of Figure 14 which applies the Schaefer correlation

to flight by means of an S-T w correlation. The results for temperatures and

surface recession are shown in Figures 18 and 19, respectively. Total ablation
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for this case was 702 mils. While this is a slight improvement over the pre-

diction considering fail temperatures (with fissures), it is still a gross

overprediction. In addition, the in-depth temperatures are much too high,

as can be seen in Figures 18(c), (d) 0 and (e) (solid curves). Again a por-

tion of this error can be attributed to the excessive ablation.

The cause for at least part of the excessive ablation can be attributed

to the fact that the heat :hield spends a large portion of the flight at tem-

peratures ranging from i0600-2o200°K and at pressures less than 0.i atmospheres.

With the S-T w ACE map of Figure 140 the ablation is forced to occur at the

carbon plateau value throughout a substantial portion of the flight.
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As discussed in Section 3.3, it is probably more consistent with physical

intuition to apply the Schaefer Bc-T w correlation of Figure 10 directly to

flight. This was done while retaining the fissure concept and the results

are also shown in Figures 18 and 19 (long dashes). The most noticelble dif-

ference in these results is the much-reduced surface recession rate after the

initial heating spike. Total recession for this cue was 270 mils, ccn%_ared

with the measured value of 200 mils. This improved agreement is encouraging

and lends some credence to the choice of the'Bc-T w correlation. Surface tem-

peratures also appear to be approximately correct, although little faith can

_ \
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be placed in thermocouple readings after burnthrough° The one dismaying fea-

ture of this prediction is that in-depth temperatures, which are controlled

by the total energy conducted into the material, are still several hundred

degrees Rankine too high. Although the more realistic ablation depth helped

bring temperatures down at depths of 0.6 and 0.9 inches, the effect was not

enough. Apparently the energy conducted into the material during the initial

heating spike is not as great as that allowed in the present model and must

be reduced by some mechanism which was not accounted for.

One assumption which is overly-conservative in the fissure model employed

in the above calculations is that the pyrolysis gas is not permitted to absorb

any energy as it traverses the charred region. Even if one assumes that all

gas passes rapidly through the fissures, some energy will be absorbed by it.

To estimate the importance of this effect, the prediction just discussed was

repeated with the conventional pyrolysis gas enthalpy table (see Table A-5

of Appendix A); this allowed the gas to absorb energy as if it _re percolating

through the char. The results are also included in Figures 18 ar,_ 19 (short

dashes). It can be seen that the effect on in-depth temperatures, although

distinguishable, is not a large one. Total ablation for this run wa s increased

slightly (to 249 mils}.
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Reviewing the results that have be-en presented up to this point, it can be

said that a successful modeling of the surface ablation rates and surface tem-

peratures has been accomplished. The mechanical removal of silica as it is

formed is described by a kinetic-type relation which controls the rate of

silica removal consistent with the data of Schaefer applied to flight as BcA/P--

versus T w. Vaporization of silica and equilibrium oxidation of the carbon

surface as it appears are also included. The incorporation of the fissure

assumptions gives a logical basis for assuming that the pyrolysis gas be

treated as nonreactive and for disallowing the B& blowing correction. This

model correlates the laboratory data of Schaefer quite well, and yields a

satisfactory prediction of total surface recession and surface temperatures

for the single body point that has been analyzed.

It appears, however, that the model is overly-conservative when it comes

to predicting in-depth thermal response. Assuming that the thermal properties

of the virgin material are roughly correct, the slopes of the temperature-ver-

sus-time curves at the various thermocouple locations indicate that too much

energy is being conducted into the material. This can be attributed, in part,

to the fact that the fissure model is a limiting case, disallowing a blowiDq

correction caused by escaping pyrolysis gases. It is clear that even if all

t

l
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p_olysis gases were escaping through fissures, the resultant jet-boundary

layer flow interaction would result in s_me attenuation of convective heating

near each fissure. Thus the assumption of zero attenuation from pyrolysis

gas blowing leads to overprediction of the heat transfer coefficient, over-

prediction of heat conducted into the body, and overprediction of ablation

rates (for a given B_-T w map). Furthermore, in the above calculations, the

fissure model was applied throughout the entire flight_ whereas fissures ....

probably do not form until near peak heating. Pyrolysis gases formed during

the period before fissures exist should therefore be allowed to attenuate

heating.

The changes necessary to fully implement such a "post-peak" fissure model

are rather extensive; therefore, a relatively crude calculation was carried

out. The post-peak fissure approximate predictions were made by calling the

fissure option to the CMA program for the entire flight but utilizing altered

(reduced) heat transfer coefficients up to peak heating to reflect the antic-

ipated pyrolysis gas flow rate during this period of the trajectory.

The technique employed is not precis_for a variety of reasons. First,

the blowing rates used to alter the heat transfer coefficients were taken from

the regular fissure model prediction, and thus are somewhat different from

those which would be obtained for post-peak fissures. Secondly, the wall en-

thalpy terms, precisely valid only for B_ - 0, were not altered_ however, as

mentioned earlier, the terms involving these quantities are relatively unim-

portant for the present problem. Thirdly, a complete B_ dependent ACE map

was not generated for the CMA program, whereas there is a minor effect of B_

on the ACE map. Nevertheless, the calculations are believed to be sufficiently

accurate to demonstrate the proper trends.

Temperature and surface recession predictions for the approximate post-

peak fissure model are presented in Figures 20 and 21, respectively. The re-

sults obtained with the regular fissure model and the measured temperatures

are also shown for comparison. Predicted total surface recession is decreased

only slightly (to 227 mils) by considering fissures only after peak heating,

whereas in-depth temperatures are significantly improved. Predictions are ex-

cellent at a depth of 0.9 inches and typically 200 to 400°R high at thermo-

couple locations nearer to the surface. This is consistent with the driver

temperature calculations for flight and ground test reported in Appendix A and

the ground test correlations presente_ in Section 3.2. Thus, any further re-

finements, if any, should probably be directed to the material properties

model rather than to the surface thermochemical ablation model.
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Figure 21. Surface Recession Rate His-

tories for Typical Super-

orbital Trajectory with

Fissure and Post-Peak Fis-

sure Models

4.4 INTERIM SUMMARY

A systematic study of ground and flight test data for the Apollo heat

shield material has been presented which would suggest two things: (i) at

relatively low surface temperatures, mechanical removal of silica occurs which

can be correlated by an Arrhenius-type relation, and (2) the pyrolysis gases

are not effective in reducing convective heating (presumably as a result of

fissures in the char) . While this model correlates quite well the ground and

flight test data which have been examined, it should not be inferred that this

is necessarily the correct ablation model. It is not entirely clear whether the

silica rate law should be interpreted as S versus TwOr as B_/P-versus T w

(although the latter has been more effective in correlating flight data), and

the behavior at high surface temperatures could be interpreted as mechanical

removal of SiC* and/or C* rather than the result of nonuniform pyrolysis gas

flow due to fissures. Nevertheless, the proposed model is believed to be suf-

ficiently effective and credible to warrant further evaluation. Therefore,

until analysis of additional data sheds further light, it is recommended that

the fissure model with the B_silica mechanical removal law be e_loyed.

The properties of this surface thermochem/cal ablation model are summarized

in Appendix B.

i

i _ .... _ -_ ....



-41-

SECTION 5

BOUNDARY LAYER (BLIMP) SOLUTIONS FOR THE

APOLLO HEAT SHIELD MATERIAL

In Section 2 the Aerotherm Chemical Equilibrium (ACE) prbgram was used

to develop surface thermochemistry solutions for the Apollo heat shield mate-

rial. These were correlated with ground test data in Sections 2 and 3 and .......

with flight data in Section 4. The _EE program employs transfer coefficients

which must be supplied as input and thus represents only a partial theory. In

Section 5.2 boundary-layer solutions generated with the BLIMP program are pre-

sented to provide a check on the transfer coefficients employed in the flight

predictions of Section 4. First, however, correspondence between the ACE and

BLIMP programs is demonstrated in Section 5.1.

1

l
1

I
]

5 .i DEMONSTRATION OF CORRESPONDENCE BETWEEN BLIMP AND ACE PROGRAMS

Since the BLIMP and ACE programs employ the same surface thermochemistry

relationships, they should provide identical solutions for the same assumed

thermochemical ablation model. However, this has never been demonstrated.

Therefore, BLIMP solutions were generated for models considered previously;

in particular, the fissure model (B_ = 0} and a nonfissure frozen-pyrolysis-

gas model with a steady-state ratio of B& to B c. No silica fail temperature

was considered in these calculations and SiC* was permitted to be the surface

species. The BLIMP solutions were generated for a given flight condition

(total enthalpy of 25,000 Btu/ib and pressure of 0.028 atm) for the stagnation

point of the Apollo vehicle. Surface thermochemistry maps were generated by

assigning a series of mc (and corresponding values of mg for the nonfissure

solutions) such as to cover the entire range of interest and requiring that

surface equilibrium be satisfied.* The solutions thus yielded surface tem-

peratures and the _eUeCM needed to compute Bc-T w maps. The BLIMP solutions

are compared in Figure 22 to the appropriate ACE solutions presented prevlously.

It can be seen that the correspondence is indeed precise.

The same curves of B" versus T_ woul_ be generated by the BLIMP program for

a different enthalpyUbut the s_me pressure; however, injection rates would

have to be adjusted for the different PeUeC M which would result in order

tc obtain solutions for the same range of B c .

i
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Figure 22.
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F

Comparison of Surface Thermochemistry Maps for

Fissure and Nonfissure Models without Low Silica

Fail Temperature as Generated by BLIMP and ACE

Programs

It has thus been demonstrated that the ACE program yields the same sur-

face thermochemistry maps as the boundazy layer (BLIMP) program, hut that the

BLIMP program provides, in addition, a prediction for the PeUeCM. The BLIMP

program also provides boundary layer profiles and other auxiliary information.

To illustrate, profiles of velocity ratio, temperature, and elemental mass

fractions considering the nonfissure model with steady-state ratio of B_ to

B_ are presented inFigures 23 through 25, respectively, for char mass abla-

tion rates of 4.0 x i0 -s and 1.0 x 10 -3 ib/sec-ft _ , corresponding to rela-

tively low a_d high B c of 0.031 and 3.30, respectively.
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Figure 23. Velocity Profiles in

Boundary Layer over Ablat-

ing Apollo Heat Shield
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Model)

Figure 24. Temperature Profiles in

Boundary Layer over Ablat-

ing Apollo Heat Shield

(._28 25,000 Btu/Ib0 PT2"arm, Nonfissure

Model)
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Figure 25. Elemental Mass Fraction Prod'iles in Boundary

Layer over Ablating Apollo Heat Shield

(HT = 25,000 Btu/ib, PT2 = 0.028 atm, Non-
fissure Model)
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5.2 FLIGHT PREDICTIONS PE_ _ITH THE BLIMP PROGRAM

In Section 4 the CMA/ACE approach was utilized to provide transient

ablation predictions for the Apollo heat shield subjected to typical super-

orbital entry conditions. In this approach, nonablating convective and

radiative heat transfer rates are employed together with laws relating C H

to CHo and C M to C H. Heating rate data supplied by NASA MSC were used di-

rectly in these calculations. In this section, nonsimilar laminar boundary-

layer solutions, generated with the BLIMP program, are discussed to assess

the validity of the DeUeCHo, _/CHo and C_C H employed in the CMA/ACE cal-

culations. First, nonablating heat- and mass-transfer coefficients obtained

with the BLIMP program are presented for several trajectory times. Then two

types of ablation solutions are presented for the peak heating condition

(30,030 sec). These approaches both consider surface equilibrium and per-

form surface mass balances but differ as follows: the first considers a sur-

face energy balance for steady-state conduction into the body and a steady-

state ratio of B_ to Bc, while the second gives no consideration to an energy

bal_r.ce but uses char and pyrolysis gas injection rates assigned at the levels

pred- .ted in the :-ransient CMA/ACE solutions.

The body station considered in Section 4 was located on the windward ray

1.31 feet do,.mstream of the stagnation point. Therefore, it is necessary to

perform nonsimilar boundary layer solutions from the stagnaticn point up to

this station.* The pressure distribution which was employed and the result-

ing pressure-gradient parameter {_), computed and used by the BLIMPprogram,

are presented in Figure 26.

K1(

I. l.e I

|.7 e.$

I I,I ILl I.I I*1 1.I I.Z 1.I l.i
,

II_JIcI PI _m41tIii PIIII.

Figure 26. Pressure Ratio and Pressure Gradient Parameter

Along Apollo Windw__d Ray for Typical Super-

_rbital Trajectory

in the CMA/ACE approach this is not needed since local convective transfer

coefficients are employed.
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Distributions of heat- and mass-transfer coefficients around the body up

to and slightly past the 1.31 foot station as predicted by the BLIMP program

are presented in Figures 27 and 28, respectively, for trajectory times of

30,030, 30,045, 30,070, 30,240, and 30,430 seconds• Heat-transfer coefficients

supplied by NASA MSC and used in the CMA/ACE calculations of Section 4 are also

shown in Figure 27 for comparison. It can be seen that the BLIMP predictions

are about 55 to 65 percent lower-in the stagnation region but 35 to 55 percent

higher at 1.31 feet, the station at which the CMA/ACE solutions were perform£d.*
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Figure 27. Comparison of Nonablating

Heat-Transfer Coefficients

along Apollo Windward Ray

as Supplied by NASA-MSC

and Computed by BLIMP for

Typical Superorbital Tra-

jectory

Figure 28. Distributions of Nonablating

Mass-Transfer Coefficients

along Apollo Windward Ray

for Typical Superorbital

Trajectory

Distributions of DeUeC M, S, and surface temperature predicted by the BLIMP

program considering a steady-state energy balance are presented in Figure 29

for fissure and nonfissure (frozen pyrolysis gas) models for a trajectory time

of 30,030 seconds. The CMA/ACF predictions for station 1.31 feet are also

\

These calculations were performed late in the program; hence, there was no

opportunity to resolve these discrepancies.
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shown for comparison. It can be seen that the approximately 40 percent dis-

crepancy _n neUeCHo of Figure 27 is maintained in the hot-wall, ablating -a-

lues for PeUeCH • The discrepancy in S at 1.31 feet, shown in Figure 29(b),

is nearly the same. The reason for this is that the energy balance which

was performed, taking all of the (apparently) compensating factors into ac-

!

count, resulted in only a slightly different B c so that the _ is nearly pro-

portional to PeUeCM. Likewise, the surface temperature predicted by BLIMP,

shown in Figure 29(c), also agrees quite closely with the CMA/ACE prediction.
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Figure 29.

(c) Surface Temperature

Boundary Layer Solutions along Apollo windward Ray

for Fissure and Nonfissure Models Considering Steady-

State Surface Energy Balances for Typical Superorbital

Trajectory (Time.= 30,030 sec)
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BLIMP solutions for fissure and nonfissure models at peak heating

(30,030 sec) based on assigned distributions of mc and mg are presented in

Figure 30. The mg and mc were taken to agree with the CMA/ACE solutions at

the 1.31 foot station and to vary around the body in the same manner as the

steady-state energy balance solutions (see Figure 29(b}). The resulting in-

put distributions of S are sho-_--in-Figure 30(a)). Again, consisten_ with

Figures 27 and 29(a), the _eUeCM at the 1.31 foot station predicted by the

BLIMP program are substantially higher than those values input to the CMA/

ACE program. This is shown in Figure 30(b). As a consequence of these dif-

ferent PeUeCM , the BLIMP predictions for surface temperature, shown in Fig-

ure 30(c), are very low. The reason for this can be seen by examination of

Figure 22. The B c predicted by the CMA/ACE program were approximately 0.60.

The higher _eUeCM in the BLIMP solutions result, for the same S, in B c of

about 0.45, and thus the solutions fall on the silica vaporization leg of

the Bc-T w curve. It is important to note that there are very large energy

imbalances in these solutions - if an energy balance would have been per-

formed, the S would have adjusted upward in accordance with the higher

P eUeCM-

|I

Z

!

|

(a} Surface Recession Rate (b) Mass-Transfer Coefficient

Figure 30. Boundary Layer Solutions along Apollo Windward Ray for

Fissure and Nonfissure Models for Injection Rates Pre-

dicted by CMA/ACE for Typical Superorbital Trajectory

(Time = 30,030 sec)
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(c) Surface Temperature

Figure 30. (concluded)

Figure 31. Variation of CM/C_L" for
Fissure and Nonfis_ure

Models (H_ = 25,000 Btu/

lb, PT2 --'0.028 atm)

The results of these boundary-layer calculations are summarized in

Table V. The major conclusion is that the PeUeCHo obtained from NASA _C

and used in the CMA/ACE solutions differ from the PeUeCHo computed by BLIMP

by about 40 percent. It is also seen that _/C H is very nearly unity as was

assumed in the CMA calculations. Finally, the CM/CMo calculated by CMA and

BLIMP agree very well. However, this is an unfair comparison because of the

higher _eUeCMo in the BLIMP calculations. Therefore, the values of CM/CMo

predicted in the series of BLIMP solutions presented in Section 5._ for fis-

sure and nonfissure models at a given flight condition (25,000 Btu/ib and

0.028 atm) and for a large range of injection rates are compared in Figure

31 to the values which would be predicted by CMA for the value of the blow-

ing reduction parameter, A, of 0.50 (see figure) which was used in this re-

port. it is seen that mass addition is about 25 to 35 percent more effective

in reducing the mass transfer than was considered in the CMA calculations.

This situation could be improved simply by increasing the value of the blow-

ing reduction parameter which is an input parameter to the CMA program.

In conclusion, it is deemed appropriate to attempt to resolve the reason

for the discrepancy between the _eUeCH supplied by NASA MSC and the values

computed by the BLIMP program. It wou_d also be desirable to evaluate the

attenuation of the incident radiation flux by ablation products using a radi-

ation coupled boundary layer solution procedure. It is only after such stud-

ies as these that repetition of the calculations of Section 4 with revised

convective and radiative heat fluxes would be warranted. In the meantime,

the results of Section 4 should be considered in the light of the results

of the present section.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

p [ A number of thermochemical ablation models have been presented for the

Apollo heat shield material in the form of normalized surface recession rates,

\ f B c, versus surface temperature with pressure and normalized-pyr01ysis gas

_ _ rate, B_, as parameters. The models differ primarily with regard to the

treatment of nonequilibrium and mechanical removal effects. These normalized

I ablation tables were subjected to ground test data over a wide range of en-
vironmental conditions. Transient in-depth ablation calculations z_re then

made for some of the test conditions for the theoretical model which appeared

I -to correlate the data best in the normalized ablation plots. It was seen

that when the actual energ_ balance was solved the predictions for thermal

penetration and surface recession were conservative to the extent deemedappropriate.

!

!

With these correlations judged satisfactory, several of the thermochemi-

cal ablation models were subjected to superorbital flight data for the Apollo

heat shield material. It was seen that good correlations of surface reces-

sion and surface temperatures could be achieved, but it was also seen that

the predictions are very sensitive to various parameters of the p_oblem. The

thermal penetration was overpredicted somewhat, but this is consistent with

calculations which were performed for both flight and ground test data where

surface temperatures (or temperatures indicated by thermocouples near the

surface) were used as driver temperatures. Since the predicted thermal pene-

tration was again conservative, the thermal property model (which is based

entirely on laboratory data obtained from precharred samples} was retained.

The parameters judged to he the most important in flight predictions are

surface emissivity, radiative _d convective cold-wall heating rates, blowing

reduction, and radiation blocking by ablation products. The correlations

were accomplished using the value for surface emissivity (0.65) and the heat-

ing rates supplied by the NASA MSC contract monitor. No checks of radiative

heating rates or radiation blocking were made in the present study, but bound-

ary layer solutions were performed which suggested that convective heating

rates might be as much as 40 percent higher than those used in the present

st_,dy. It was found appropriate that no blowing correction for the pyrolysis

gas should be applied, at least after the first peak heating. The grounds

for this argument are contained in the physical observation that chars pro-

duced in both flight and ground tests possess fissures leading from the

P
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pyrolysis zone to the char surface. Thus, it is reasonable to suspect that

the pyrolysis gases may for the most part jet through the boundary layer with

little attenuation of the convective heating.

The model which appears to correlate the flight data best also provides

the best correlation for-t_eground test data. In addition to the considera-

tion of fissures, this model has the following major features. At low sur-

face temperatures, it contains an empirical Arrhenius-type law for pressure-

dependent B_ versus surface temperature. This is not a chemical kinetic law,

but is, rather, a law for the mechanical removal of silica. At higher sur-

face temperatures, the surface recession is limited by the availability of

oxygen (diffusion-controlled carbon ablation regime). The oxygen supplied by

the boundary-layer edge gas is supplemented by oxygen in the silica. Finally,

at very high temperatures, carbon reactions with nitrogen and carbon sublima-

tion become important.

In order to gain further confidence in this model, it is recommended

that further studies of the type reported herein be performed for other avail-

able flight data. Also, independent checks of radiative heating rates and

further checks of convective beating rates should be performed for flight

test conditions using the best available theoretical prediction procedures.

Independent theoretical and experimental studies of such important considera-

tions as in-depth coking and the effect of char fissures on the interaction

of the pyrolysis gases with the boundary layer should be carried out and the

results should be incorporated into the computational procedures. Finally,

a series of arc-plasma experiments should be conducted which are especially

designed with regard to model shape and size to assess whether S or B_ is

the more basic parameter in applying ground test data to flight in the region

where mechanical removal of silica controls the ablation process.
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APPENDIX A

APOLLO HEAT SHIELD MATERIAL PROPERTIES

USED IN TRE PRESENT STUD_ "

A.I DESCRIPTION OF MATERIAL

The Apollo heat shield consists of a low density ablation material bonded

to a primary structure. The low density ablation material is Avcoat 5026-39/

HC-GP, an epS_--n_v-al_c resin with phenolic midrob_11o0ns and silic_ fiber

reinforcement in a fiberglass honeycomb matrix. Although the epcxy-honeyc_nb

combination maintains its cellular appearance after fabrication, the virgin

material is treated theoretically as a continuum with uniform thermal and

mechanical properties. Overall density of the virgin ablation material is

taken to be 34.0 Ib/ft 3.

Upon being subjected to sufficiently high heating, the Avcoat material

decomposes chemically forming a pyrolysis gas and a char residue. Based upon

chemical and thermogravimetric anal_sis data supplied by NASA MSC, the ele-

mental composition of the pyrolysis gas and char is taken to be as indicated

in Table A-1.

TABLE A-I

CHAR AND PYROLYSIS GAS ELEMERTAL MASS FRACTIONS

IN AVCOAT 5026-39/HC-GP

Element Pyrolysis Gas Cha_..__r

H 0.0930 --

B -- 0.0079

C 0.5470 0.4880

N 0.0190 --

O 0.3410 0.2605

A1 -- 0.0212

Si -- 0.1852

Ca -- 0.0366

These compositions are based on a pyrolysis gas density of 18.0 lb/ft a and a

char density of 16.0 Ib/ft 3 , where the char is composed of the compounds

listed in Table A-2. I_ was found convenient in the present study to

f
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TABLE A-2

CHAR SPECIES MASS FRACTIONS

Species Mass Fraction

C*_ 0.4880

SiO2* 0.3_71

/_203 * 0.0384

CaO* 0.0510

B203" 0.0255

I

approximate the char composition by replacing the three trace species by an

equivalent amount of SiO2*. The reason for these changes and their effects

is discussed in the main body of the report.

A.2 MATERIAL THERMAL PROPERTIES MODEL

A thorough study of the available properties data on the Apollo heat

shield material was carried out and a set of properties was selected which

is believed to represent these data best. Char and virgin plastic thermal

properties as functions of temperature are sho_ in Tables A-3 and A-4. The

virgin plastic and char thermal conductivities were taken from recently pre-

pared AVCO conductivity charts for pre-charred material (Ref. A-l). The data

presented on the AVCO charts includes char thermal conductivity as a func-

tion of temperature wit_ pre-char temperature as a parameter. The envelope

of that data, in which the pre-char temperature is taken equal to the char

temperature, was used for the present study. This choice is appropriate for

constant heating arc-jet tests and prior to the first peak heating of a typi-

cal Apollo trajectory, but some error in char conductivity might be expected

whenever heating rates are reduced sufficiently such that char temperatures

drop substantially. Virgin plastic and char specific heat data are identical

to the data used as of March, 1968 in the NASA-MSC STAB II code for 5026-39/

HC-GP, as described in Reference A-2° Virgin and char emissivities were held

constant at 0.65 consistent with the data of References A-3 and A-4.
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TABLE A-3

CHAR THERMAL PROPERTIES

T

......°R

460

710

860

I, 060

i, 210

1,360

1,460

i, 710

1,860

2,060

2,260

2,460

2,660

2,860

3,060

3,260

3,460

3,660

3,860

4,060

4,260

4,460

4,660

4,860

5,060

5,260

5,460

5,660

5,860

6,060

6,260

6,460

Cp

.... Btu/Ib° R

0.35

0.35

0o 35

0.35

0.35

0.37

0.40

0.45

0.50

0.50

J

0.50

k

Btu/ft

1.33 x

1.94 x i0 -6

2.00 x i0 _

1.86 x I0 "6

1.83 x 10 "s

1.94 x 10 "s

2.03 x 10 "s

2.89 x 10 "s

4.03 x 10 "_

6.81 x 10 _

1.00 x 10-"

1.16 x 1o"_

1.38 x 10 "_

1.46 x i0 _

1.61 x I0.`

1.77 x 10 "6

1.93 x 10.`

2.09 x i0.`

2.18 x i0.`

2.22 x 10"6

2.20 x 10"

2.o8 x lO"

1.95 x 10 "_

1.82 x 10 "_

8.48 x 10"

7.42 x 10B

5.56 x lO"

4.o3 x 1o"
2._ x lO"

1.53 x lo"

1.11 x 10"

6.95 x 10 "e

S_ ° R

I0 _ 0.65

l

i,
0.65



A-4

The model for plastic decomposition which is used by the CMA program

takes the form

-Ea/RT [P - pr_ _

Be

where p = instantaneous density

Dr = residual or char density

Po = original or virgin density

8 - time

T = temperature

TABLE A-4

VIRGIN PLASTIC THERMAL PROPERTIES

T

o R

460

560

660

760

860

" 960

1,060

1,160

1,260

1,360

1,460

5,000

Cp

Btu/iba R

0.350

0.350

0.356

0.360

0.370

0.420

0.440

k

Btu/ft sec°R

1.33 x 10 "5

1.61 x 10 -5

1.93 x i0 -6

1.97 x 10 -5

2.00 x 10- s

1.94 x 10 -s

1.86 x i0 -6

£

0.65

0.65

0.65

0.65

0.65

0.65

0.65

0.440

0.440

0.440

0.440

0.440

1.83 x lO_

1.83 x 10 -s

1.89 x 10 -6

2.03 x 10 "_

2.03 x 10 ''s

0.65

0.65

0.65

0.65

0.65

(A-l)
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A-5

For the material under consideration here,

were used:

_o " 34.0 lb/ft 3

Pr " 16.0 ib/ft 3

B = 1.06 x 10a sec -_

- 2.5

Ea/R ,, 24,530°R

the following numerical values

Heats of formation of the virgin plastic, char, and pyrolysis gas for

a datum of 536°R are

AHf - -2,390 B_u/ib
vp

_Hfc = -3,310 Btu/Ib

_Hfl _ - 0

The pyrolysis gas enthalpy is described in Table A-5_--All enthalpies are

computed by the relation

T

h = _Ilf o ÷[ C dT
536 R J53C: R P

(A-2)

A.3 CMARISONS WITH TEST DATA

A. 3.1 _heoretical Analysis Technique

Theoretical studies of in-depth thermal response of the Apollo material

_ere carried out util_zing the -driver te_rature" option of the Charring

Material Ablation (M} program. The CMA code is an implicit finite-differ-

ence computational procedure for computing the one-d_enslonal transient

transport of thermal energy in a three-dimensional isotropic material which

can ablate from the front surface and can decompose in depth. A su_ry

description of this program is contained in Part I of this series of reports.

I



A-6

TABLE A-5

PYROLYSIS GAS ERTHALPY

Temperature
oR

900.

1,500.

2,000.

2,500.

3,000.

3,600.

4,500.

5,400.

6,300.

Enthalpy
Btu/ib

-919.

-410.

0

470.

890.

1,404.

2,161.

7,600.

13,290.

Z1

A.3.2 Ground Test Data

Comparisons of in-depth temperature response utilizing the thermal prop-

erties model described above were made for twelve of the arc-jet test models

of Schaefer (Ref. A-5). Assuming a constant recession rate throughout the

test, the measured surface temperature (obtained with an infrared optical

pyrometer) was used as the driver temperature. The results may beseen in

Fig_ires A-I through A-12. In general, the predicted in-depth response is in

reasonably good agreement with the measured values. Typically, agreement is

better for cases where the surface temperature does not exceed 3,000°R, in-

dicating that the thermal properties model in the high-temperature region

may include some error. However, the measured surface temperature in the

high-temperature tests is also less well defined.

A.3.3 Fli_ht Test Data

Driver temperature calculations were also performed for data from a

recent superorbital Apollo flight. The results of these calculations may

be seen in Figures A-13 through A-15. In Figure A-13, the measured tempera-

ture history at 0.6 inch depth from the original surface was used to predict

the temperature response at 0.9 inches. The resulting prediction is seen to

be quite close to the actual temperature history, the maximum error being

approximately 150°R. Figure A-14 shows the temperature comparisons using

measurements at 0.3 inches as the driver, with predictions compared to thermo-

couple values at 0.6 and 0.9 inches. Agreement between measured and

l
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predicted temperatures is excellent, with maximum error of 100°R and 150°R

at 0.6 inches and 0.9 inches, respectively.

Predictions using the 0.I inch thermocouple as a driver are not as

straightforward or precise. The surface recedes past this there,couple some-

where during the flight and the meaning of the thermocouple reading after

burn-through is open to question. Nevertheless, an estimate of the surface

recession history after burn-through was made and the measured response of

the 0.I inch thermocouple after burn-through was taken as the surface tem-

perature. Predictions of in-depth temperature response are shown in Figure

A-15. Agreement is not as good as for the other two cases, the in-depth

temperature be_ing overpredicted• This may be due in part to inaccurate prop-

erties in the higher temperature region (3,000 to 4,000°R} : however, it is

just as likely that the surface temperature after burn-through of the 0.i

inch thermocouple may not be as high as is recorded on that thermocouple.

A.3.4 Summary of Thermal Properties Model

The thermal properties model described in Section A.2 has been taken

directly from data obtained for post-test chars. It is very satisfying,

therefore, that the model appears to be very accurate for temperatures below

about 3,000°R for both ground and flight test data. The comparison for test

conditions where the surface (or reference thermooouple) exceeds 3,O00°R is

not as good, in-depth temperatures being consistently overpredicted• However,

the agreement is judged satisfactory since the error may be due in no small

part to uncertainties in the measured temperatures. Therefore, no attempt

was made to modify the laboratory data to better match the present data at

higher temperatures•
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SUMMARX OF RECOMMENDED SURFACE

THERMOCBEMICAL ABLATION MODEL

The prediction of transient ablation rates and transient temperature dis-

tributions requires a knowledge of material thermal properties and a surface

thermochemical ablation model. Recommended material properties are presented

in Appendix A. In this appendix the recommended surface thermochemical abla_

tion model is summarized and the specific data needed to implement this model

in the ACE and CMA programs are presented.

On the basis of the results presented in this report, it is rec_mended

that the fissure model be employed for the prediction of Apollo heat shield

ablation response. In this approach, the pyrolysis gas which forms is consid-

ered to pass through the boundary layer without attenuating the convective

heating and without altering the composition of the boundary-layer gases at

the wall. In addition, it is recommended that the rate law for mechanical

removal of silica which was developed on the basis of ground test data be

applied to the flight environment directly as Bc_/P_.

The appropriate elemental c_si-tion for the Apollo heat shield mate-

rial is presented in Table B-I. This is for practical purposes the same as

TABLE B-I

CHAR AND PYROLYSIS GAS ELEMENTAL MASS FRACTIONS CONSIDERED IN FISSURE MODEL

Element Pyrolysis Char
Gas

C

Si

Glass

Pyrol

m

mw

mu

1.000

0.488

0.0001

0.512

Atomic

Weight

12.011

28.09

60.09

22.5

that given in Table II of the main body of the report but the following defini-

tions are employed:

(I) The silica in the char, instead of being appropriated between SILICOB

and OXYGEN, is designated as a ficticious element GLASS. The pu.rpose of this

artifice is to permit the silica in the char to be converted to Si02* through

the reaction

GLASS_-.SiO2* (B-l)
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(2) A trace of the conventional element SILICON is included in order that it

will be catalogued into the solution as a potential element. The "element"

SILICO_ is created through Reaction (B-l) and the Si02* is furthermore re-

quired to be in equilibrium with other candidate species s,_ch as SiO, SiO 2

and Si 2. ....

(3) The pyrolysis gas is designated to consist of a ficticious element PYROL

of atomic weight 22.5. The purpose of this is to permit consideration of a

frozen pyrolysis gas in the event the reader is interested in qenerating solu-

tions for nonfissure, frozen pyrolysis gas models (B_ is taken as zero in the

fissure model so the pyrolysis gas elemental composition does not have to be

defined in that case). The actual elemental composition of the pyrolysis gas

in terms of HYDROGEN, OXYGEN, CARBON, and N_.TROGEN, which one would have to

consider if pyrolysis gases were to be considered reactive, is shown in

Table II of the main body of the report.

The species which are considered in the generation of the fissure thermo-

chemical ablation model are presented in Part (a) of Table B-2, the frozen

species PYROL is presented in Part (b), and the species which should be con-

sidered in a boundary layer with reactive pyrolysis gases are prese,ted in

Part (c). Curve fit constants used to generate specific heat, enthalpy and

entropy for these species are also presented in Table B-2 together with in-

structions for interpreting these constants. The species GLASS* has identical

properties to conventional SiO2* except that it is assigned a reduced entropy.

(through the number F6 - see Table B-2) so that Reaction B-1 will be a one-

way reaction. Also, Si02* is assigned a low fail temperature of, say, 500°K.

Finally, PYROL is composed of one atom of the element PYROL and is assigned

a specific heat of 19.316 cal/mol OK, and a heat of formation of -15.4 Kcal/

mol. The PYROL remains frozen in that there are no other chemical compounds

considered involving PYROL.

-I

l

]

]

I

1

1

]

]

1

1/
I

The last pieces of information required are the kinetic constants for

Reaction B-Io The rate law is expressed as
i

(B-2) ]
where B = 4.24 atm and Ea/R = 19,000°K.

The fissure model ACE maps are generated considering B_ - 0 for a range

of pressure and B c. (If ACE maps are deeired for nonfissure models, a range

]

]
]
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B-3

of B_ has to be considered, using PYROL if the pyrolysis gases are to be

considered frozen or ,Ising the various hydrogen-containing species if the

pyrolysis gases are to be considered reactive.)

Having generated fissure ACE maps, transient ablation predictions can

be generated by using the thermal pro_rties presented in Appendix A and the

newly developed fissure option of CMA. In essence, in this option _he sur-

face energy balance equation is modified to reflect a pyrolysis gas rate,

B_, of zero.

Two data changes are appropriate in order to make fissure model calcula-

tions. First, it is mandatory when generating ACE cards for CMA that B_ = 0

data be included for any two values of B& (sLy, 0.01 and 0.02} so that the CMA

program will be able to perform its linear interpolation (and extrapolation) in

the ACE tables. The second change is optional and accomplishes the purpose of

allowing the pyrolysis gas to pass directly out through the fissur_J in the

material without absorbing energy from the char. In order to accomplish this,

the pyrolysis gas enthalpy table (see Table A-5 of Appendix A} can be altered

auch that the gas specific heat is zero above, say, 2,700°R. This temperature

is recommended as being representative of a 99-percent-char isotherm. The

p_olysis gas is thus allowed to absorb energy until the virgin material is

nearly completely decomposed, whereupon the gas is injected instantly into

the boundary layer without further energy absorption. The CMA program is not

presently equipped to perform "pest-peak- fissure calculations; however, this

model can be treated approximately using the approach described in Part 4.3

of the main body of the report.
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,A.L+.-2
::-1

DATA FORMAT
THE THERMODYNAMIC DATA ARE OBTAINED AS CURVE FITS OF BEST AVAILABLE
DATA (TYPICALLY JANAFI, THE CURVE FITS ARE GENERATED BY THE
AEROTHERM TCDATA PROGRAMo THE DATA FORMAT IS THE SAME AS THAT USED
IN NAVWEPS REPORT T043 AND CONSISTS OF THREE CARDS FOR EACH SPECIES

AS SHOWN BELOW. ?t
CARDS I* 4e 7* *+0* ONE FOR EACH MOLECULE FCRMAT(T(F3.01Z3)t3OXe2A4)

FIELDS 1* 3* So **o* ONE FOR EACH ELEMENT IN MOLECULE (COLUMNS 1"3, T'9,
13"15, .*.)

NUMBER OF ATOMS (OF ATOMIC NUMBER GIVEN IN SUBSEQUENT FIELD) _N k

MOLECULE OF THIS SPECIES.

FIELDS 2P 4* 6* ***, ONE FOR EACH ELEMENT XN MOLECULE (COLUMNS 4-6*
10-12o 16-18* ...I

ATOMIC NUMBERS OF ELEMENTS IN _<)LECULES+ J
LAST FIELD (COLUMNS 73-80)

(EeGet SI02I FOR OUTPUT AND AS IDENTIFIER FOR ]MOt.ECULAR DESIGNATION
DIFFUSION FACTOR DATA.

CARDS 2. S* B* ***t ONE FOR EACH MOLECULE FORMAT(6Ege6*6X*F6*OtI1)

JFIELD 1 (COLUMNS 1"91

HEAT OF FORMATION OF MOLECULE AT 298 DEG K FROM JANAF BASE STATE
(ELEMENTS IN MOST NATURAL FORM AT 298 OEG, Kit CAL/MOLE. J

FIELDS 2-6 (COLUMNS 10-18, 19-2T, 28-)6, 37-45. AND 66-54)

CONSTANTS APPROPRIATE TO LOMER TEMPERATURE RANGE OF THERMODYNAMIC DATA,

TAKING F2* F3* **** AS FIELDS 2* $* ETC** THE CURVE F|TS ARE AS FOLLOWS
WITH T IN DEG K, H IN CAL/MOLE. AND S IN CAL/MOLE DEG K.

HEAT CAPACITY* CPBF3&F4eT&FS/Tee2

ENTHALPY* I_'H298_F2_F$O(T-3000I&OtSWF4O(Te12-3OOOS*2)
-FSe(1/T'l/3000)

ENTROPY* SIFE&FStLNIT/3OOO)&F4e(T-3OOOI-O.SeFSoI1/Te_2-1/3OOOee2)

FIELD T (COLUMNS 61-66)

UPPER LIMIT OF LOWER TEMPERATURE RANGE IN DE6 K, FOR<ONDENSED-PHASE
MATERIALS MHICH MELT, THIS IS USUALLY TAKEN TO BE THE MELT TEMPER-
A_URE).

FtELD t (COLUMN 6T)

]/
]

]

]

]
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TABLE 8-2 (CONTINUED)

1 SIGNIFIES GASEOUS SPECIES .

2 SIGNIFIES SOLID SPECIES

3 SIGNIFIES LIQUID SPECIES

CARDS 3t 6t 9t ***t ONE FOR EACH MOLECULE FORHAT(6Ege6e6XtF6*OoII|

FIELDS 1"8 (COLUMNS 1-67)

SAME AS CARDS 2, S, 8t .*** EXCEPT USE CONSTANTS FOR UPPER TEMPERATURE
RANGE AND FIELD 7 IS |GNORED.

LISTING OF SPECIES DATA

PART (A|, CHAR AND BOUNDARY LAYER EDGE GASES ONLY (APPROPRIATE FOR USE WITH
FISSURE MODEL -- B PRIME Gm O) __ --

1 6 0 O 0 0 0 0 0 0 0 0 0 OJANAF 03/61 C
17088666 13550055 46643351 228125-3 40983056 49287052 500. 3000,1 O.C
17088666 13550065 41221281 261908-3 2628868? 49287082 3000. 5000,1 O.C

1 6 1 7 0 0 0 0 0 0 O 0 0 OJANAF 12/62 CN
10900086 23249065 65590651 115326-2 47951?56 669?6052 SO0, 3000.1 O.CN
10900086 23249055 98801381 313855-3-64949357 669?6062 3000, 5000,1 O.CN

I 6 1 8 O 0 0 0 0 0 O 0 0 OJANAF 03161 CO
-26617085 2235?085 86504081 117021-3-89821186 65370062 500, 3000,1 O.CO
-26417065 22357065 11549682-424139-3-13156388 65370062 3000. 5000,1 O.CO

1 6 2 8 0 0 0 0 0 0 0 0 0 OJANAF 03/61 C02
-94094085 36535065 14455982 210386-3-18239267 79848062 500, 3000,1 0.C02
-94054055 36939069 15645152-381561-6-60276857 79848062 3000, 5000,1 0.C02

2 6 O 0 0 0 0 0 0 O 0 0 0 OJANAF 9/61 C2
19899986 24699065 77661251 696081-3 18564966 68551962 500, 3000,1 0.C2
19899966 24699055 10416262 566841-6°6402056? 68551962 30000 5000,1 0.C2

2 6 2 7 0 0 O 0 0 0 0 0 0 OJANAF 3/61 C2N2
73869965 5110?085 18876052 559856-3-89687356 98947962 500, 3000,1 0.C2N2
73869965 5110?085 20820482 630229-5-34686557 98547962 3000, 5OOO,1 0.C2N2

3 6 O 0 0 0 O 0 0 0 0 0 0 OJANAF 12/60 C3
18967086 36622055 14644162 622586-4-1682276?-T9841062 500, 3000,1 0.C3
18967086 3662205S 14678282 ?92282-4-6468?756 79841062 3000, 5000.1 0.C3

3 6 2 8 O 0 0 0 0 0 0 0 0 OJANAF 12/60 C302
-83000066 69212055 2637?582 103904-3-3S036887 11272363 500. _000,1 0,C302
-83000086 6521205S 26356362 882201-4-28709157 112?2363 3000, 5000,1 0,C302

4 6 0 0 0 0 0 0 0 0 0 0 0 OJANAF 12/60 C4
24232156 51123055 20590382 623436'-_-257703$7 98676062 SGO, 3000.I 0.C4
26232166 51123085 21071462-434895-4-40493957 98676052 3000. 5000,1 0.C4

4 6 2 ? 0 0 0 O 0 O 0 0 0 OJANAF 3/61 C4N2
12750056 80123955 29749082 856052-3-15225567.13306363 500, 3000.1 0,C4N2
12780056 80123985 32?21282 952999-5-541654&? 13306353 3000, 3000.1 0.C4N2

8 6 O 0 0 O O O 0 O O O 0 OJANAF 12/60 C5
2428?486 65623065 264?0682 806928-6-33712587 11164183 500. 3000,1 0.C5
262)7666 65623065 2?115682-580271-4-54318387 11166183 3000, 5000,1 0.C5
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TABLE B-2 (CONTINUED3

6 6 0 0 0 0 0 0 0 0 0 0 0 0DUFF BAUER 6/61 C6
29134286 77270085 30396582 607305-3-47566087 12895883_00,-3000,1 0.C6-
29134286 77270065 30848882 643430-4 58335067 12895883 3000, 5000,1 0.C6

T 6 0 0 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C7
29211686 9097?06_ 35979582 669838-3-57963867 14055583 500, 3000,1 O,C?
29211666 90977065 35578582 210202-3 1022226_ 14055563 3000, 5000,1 O.C?

8 6 0 0 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 C8
34489166 10468466 41559462 ?33634-3-68346267 15927583 500, 3000,1 0.¢8
34489186 10468466 40289482 359448-3 14698458 15927583 3000. 5000,! 0,C8

9 6 0 0 0 0 0 0 0 0 0 0 0 OD_F BAUER 6/61 C9
34066586 11839186 47141062 796582-3-78732887 17087263 500, 3000,1 0,¢9
34066586 11839186 45020762 505033-3 1908136e 170872&3 3000, 5000,1 0,C9
10 6 0 0 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6161 C10
40043986 13209886 52720262 860613-3-89107687 18959283 500. 3000,1 0.C10
40043986 13209866 49743962 651908-3 23510988 16959263 3000, 5000,1 0,C10

I 7 0 0 0 0 0 0 0 0 0 0 0 OJANAF 03/61 N
11296586 13437065 48694481 383516-4 95846065 48090082 500, 3000,1 O,N
11296586 13437065 42895781 240844-3-41727386 48090062 3000, 5000,1 O,N

I 7 I 8 0 0 0 0 0 0 0 0 0 OJANAF 06163 NO
21580065 22700085 87762361 899031-4-78965686 66849082 500, 3000,1 O.NO
21580085 22700085 91826061 657885-5-21251987 66849082 3000, 5000,1 O,NO

1 7 2 8 0 0 0 0 0 0 0 0 0 OJANAF 06/63 NO2
80110084 34580065 13781982 315611-k-13376567 84889062 500, 3000,1 O,N02
80110084 34580085 13015462 172586-3 17534087 84889082 3000, 5000,1 O,N02

1 7 3 8 0 0 0 0 0 0 0 0 0 OJANAF 12/64 NO3
17000085 49821985 19230182 191161-3-11212967 99897062 500, 3000,I O.N03
17000065 49821985 19870982 577142-7-17291387 99897082 3000, 5000,1 O.N03

I 7 1 14 0 0 0 0 0 0 0 0 0 OJANAF 12/60 NS!
12100086 23511085 89335781 603803-4-41146686 71156082 500, 3000,1 O.NS!
12100086 23511085 88377981 815057-4-11976986 71156082 3000, 5000.1. O,N5I

2 7 0 0 0 0 0 0 0 0 0 0 0 OJANAF 03/61 N2
000000-0 22165085 86269981 116090-3-10371587 63765082 500, 3000,1 O,N2
000000-0 22165085 98417581-116232-3-61272887 63765082 3000, 5000,1 O.N2

2 7 1 8 0 0 0 0 0 0 0 0 0 OJANAF 12/60 N20
19500085 36545085 14468682 120489-3-15347887 81590082 500, 3000,1 O,N20
19500065 36545085 12303682 459018-3 94238287 81590082 3000, 5000,1 O.N20

2 7 3 B 0 0 0 0 0 0 0 0 0 OJANAF 12/64 N203
19799985 61779985 23212182 477580-3-12410387 12321763 500, 3000,1 0.N203
19799985 61779985 24830482 102872-5°29389287 12321783 3000, 5000,1 0,N203

2 7 4 8 0 0 0 0 0 0 0 0 0 OJANA F 9/64 N204
21699984 78596965 29773682 594431-3-17883367 13490863 500, 3000,I 0,N204
21699984 78596985 31781582 175630-5-38596987 13490883 3000. 5000.1 0,N204

2 7 5 B 0 0 0 0 0 0 0 0 0 OJANAF 12164 N20S
21699984 91575985 35305182 147295-3-16385087 15671983 SO0, 3000,1 0,N205
21699984 91575985 39736582 624545-5-17126787 15671983 3000, 5000,1 0,N205

1 8 0 0 0 0 0 0 0 0 0 0 0 OJANAF 06/62 0
59559085 13522085 49722881 380768-5 15474985 50096082 500. 3000,1 0.0
59559085 13522085 65748981-224268-3-8917828? 50096062 3000. 5000.1 0.0

1 8 1 14 0 0 0 0 0 0 0 0 0 OJANAF 09/63 OS|
-24200083 23359085 89144_,1 545951-4-45209186 69747082 500, 3000,1 O,OS!
-24200085 23359085 85077381 152710-3 10991867 69747082 3000, 5000,1 O,OS!

2 8 0 0 0 0 0 0 0 0 0 0 0 OJANAF 03/61 02
000000-0 23446085 80437081 510872-3-15271866 67973082 500. $000,1 0.02
000000-0 23446085 10307182 290991-4-78307987 67973062 3000, 5000,1 0,02

2 8 I 14 0 0 0 0 0 0 0 0 0 OJANAF 12/62 025!
-?6200085 30295085 14827282 207464-4-77720086 85895082 500, 3000,1 0,025I

-76200085 38295085 13332082 289052-3 57113987 85895082 3000* 5000.1 0.025!

!i
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TABLE B-2 (CONTINUEDI

3 8 0 0 0 0 0 0 0 0 0 0 0 OJANAF 6/61 03
34100065 36023085 13531162 238739-3-60651186 86091962 500. 3000.1 0.03
34100085 96023085 13912182 125613-3-98065_,6 86091962_-000. 5000.1 " 0.03

1 14 0 0 0 0 0 0 0 3 0 0 0 OJANAF 12/62 SI
10600086 14018085 45793061 301346-3 14285986 51992062 500. 3000.1 O*SI
10600066 14018085 47831881 141019-3 25998857 519920;2 3000, 5000+1 O.SI

2 14 0 0 0 0 0 0 0 0 0 0 0 OJANAF 12/62 $12
130900;6 24343065 89115461 102582-3-35437685 7539_062 500, 3000,1 O,SI2
13090066 24343085 10639862-190701-3-84514987 753940;2 3000, 5000.1 O.SI2

1 99 CONVAIR ZPH-_22 12/61 E-
&14901085649885181-272800-5-135900;66164558822000, 10000,1 E-
;14901085849885161-2?2800-5-1359006681645S_&22000, 10000,1 E-

l 6 -1 99 CONVAIR "ZPH-122 12/61 CG
;4289858681501206584896578181BO?OO-46340000856484232822000, 10000,I C;
&42898566615012085648965781_lSOTOO-48340000&S&484232622000, 10000,1 C;

1 6 1 8 -1 99 CONVAIR ZPH-122 12/61 CO&
;294283&66243830838893619818378000-4-150900&T&666595822000, 10000,1 CO_
&29428366624383065889361981;378000-k-lSO900&?8666595822000, 10000,1 CO&

1 7 -1 99 CONVAIR ZPH-122 12/61 N6
&446641666151310858501751818617100-4-184100676496867622000, 10000.1 N&
&446641_66151310858501751818617100-4-184100&?;496847822000, 10000,1 N6

1 7 1 8 -1 99 CONVAIR ZPH-122 12/61 NO&
&232919&66241970858910216818277400-4-31660087&654379622000, 10000,1 N06
;232919666241970858910216818277400-4-316600&?&654379822000, 10000,1 NO&

2 ? -1 99 CONVAIR ZPH-122 22/61 N2&
&3572588682514?O&S&13650862-327940-3-225630688656601622000, 10000,1 N2&
&3572588662514?O&S&13650862-327940-3-22563088&656601822000. 10000.1 N2&

1 8 -1 99 CONVAIR ZPH-122 12/61 08
&37199966814929069&336271616306?lO-38590200&?S484849622000. 10000,1 O;
837_999668149290696336271818306710-385902008?&484849622000, 10000,1 O;

1 8 1 99 CONVA|R ZPH-122 12/61 O-
&245000;9614943085821663361_805240-38532SOO&T;492947&22000, 10000,1 O-
&249000858149430858216633816805240-3893250087_492947822000, 10000,1 O-

2 8 -1 99 CONVAIR ZPH-122 12/61 026
6279695868248730856594789818626340-3610350068&6???31822000, 10000,1 02&
&2?9695668248730698594789818626340-36103500688677731622000, 10000,1 02&

2 8 I 99 CONVAIR ZPH-122 12/61 02-
-20525065826757065611148082-656700-4-779100878699149622000, 10000,1 02-
-205250658267570&S811148082-656?OO-4-7791008?&699149;22000. 10000,1 02-

1 6 0 0 0 0 0 0 0 0 0 0 0 OJANAF 03/61 Co
000000-0 14412085 58807581 955976-4-?6662166-12129082 500, 3000,2 lO0,Ce
000000-0 14412085 48513461 291605-3 30720267 12129062 _000, 5000,2 lOOeCe

1 6 1 14 0 0 0 0 0 0 0 0 0 OJANAF 12/62 C5;o
-20640085 33421965 152??182-222607-$-503627&? 29682882 500, 2773,2 IO0.CSI_
-75620064 34809685 15256882-219419-4-17002387 34898982 2773, 5000,3 lO0.CS|e
001102 JANAF 12/62 GLASSe
-21750086 46895065 1?658282 549817-3-23640967-99999969 500, 3000.2 IO0.GLASSe
-21594886 50789085 21750082-195988-4-282763;6-99999969 3000, 1400,2 IO0,GLASS*

2008 01 14 JANAF 12/62 02SZ*
-21750066 46895065 17658282 549817-3-23640967 47399062 500. 3000,2 100.025Ie
-21594866 50789085 21750082-193988"4-28276386 49916062 3000, 500.2 100.02SI*

1 14 0 0 0 0 0 0 0 0 0 0 0 OJANAF 12/62 Sl*
000000-0 17247065 65287'_,1 838825-4-$2216M,6 18545062 500. 1685.] lO0.Sle
12092069 16562085 600789£1 234623-4 35623e&6 25428082 1685. 5000.3 lO0.SZo

4 ? 3 14 0 0 0 0 0 0 0 0 0 OJANAF 12/6 613N48
-17925086 12678686 35464382 865143-2-322987&7 11308863 500, 1000,2 100.5;3N4O

-1?925086 12388S&6 6T365082-321934-2-33?95368 1140146_ 1000. 1000,5 IO0.SZ3N4e

I
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TABLE B-2 (CONTINUED)

PART (B), SPECIES TO BE ADDED WHEN CONSIDERING FROZEN PYROLYSIS GAS

1101 CURVE FIT 1/68 PYROL
-15400o 52192* 19,316 1, 500, 3000,1 PYROL
-15400* 52192. 19,$16 1. 3000* 5000ol PYROL

PART (C), SPECIES TO BE ADDED WHEN CONSIDERING REACTIVE PYROLYSIS GAS

1 1 1 6 0 0 0 0 0 0 0 0 0 OJANAF 05/61 CH
14200686 22130085 8260?981 502211-3-1001848? 61612082 500, 3000,1 O.CH
14200686 22130085 T0709181 463281-3 55256087 61612082 3000, 5000.1 O,CH

1 1 1 6 1 7 0 O 0 0 0 0 0 OJANAF 03/61 CHN
31200085 55593085 13702382 552243-3-22895587 75862082 500. 3000,1 0*CHN
31200085 35593065 17889582-295052-3-1836?188 75862062 3000, 5000,1 O,CHN

1 1 1 6 1 ? 1 8 0 0 0 0 0 OJANAF 12/60 CHNO
-2790008S 46193085 17970182 469024-$-2009048? 92899082 500. 3000,1 O.CHNO
-279000_5 46193085 21016782-229915-$-10556868 92899062 5000, 5000,1 O.CHNO

I I 1 6 I 8 0 0 0 0 0 0 0 OJANAF 03/61 CHO
-29000084 32367085 12803382 300638-$-20172187 ?8983082 500, 3000.1 O.CHO
-29000084 32367085 10302882 633312-3 12161588 ?8983082 3000, 5000,1 O.CHO

2 1 1 6 0 0 0 O 0 0 0 0 0 OJANAF 12/62 CH2
95000085 32996085 13289482 413822-3-2902?387 68494062 500. 3000.1 OeCH2
9500008S 32996085 14072882 132150-3-23949387 68494082 3000. 5000.1 O,CH2

2 I 1 6 I 8 0 0 O 0 0 0 0 OJANAF 03/61 CH20
-27700089 &3?91085 1840228? 379921-3-43198287 84888082 500, 3000,1 O,CH20
-27700065 43791085 18962882 161963-3-$7277087 84888082 3000. 5000,1 O,CH20

$ I 1 6 0 0 O 0 0 0 0 0 0 OJANAF 12/62 CH3
31940085 43419085 18276362 40102S-3-461_0387 78604082 500o 3000,1 O.CH3
31940085 43419085 20489982-108028-3-11469288 ?8604082 3000, 5000,1. OeCH3

4 1 1 6 0 O 0 0 0 0 O 0 0 OJANAF 03/61 CH4
-17895085 53079085 23094882 677896-3-75506187 8259?062 500, 3000,1 O,CH4
"1T89508S $3079085 25605382 374323-3-36823487 8259?062 3000, 5000,1 0,CH4

1 1 2 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C2H
11?39586 34962085 13421082 469100-5-1875098? 78116082 SO0* 3000,1 O.C2H
11739586 34962085 14851682 109402-3-50886287 78114082 3000. 5000.1 O,C2H

2 1 2 6 O O 0 0 O 0 0 0 0 OJANAF 03/61 C2H2
54190085 48257085 18996062 769044-$-40903987 84969082 500. 3000,1 0.C2H2
541900&S 48257085 20395282 389062-3-64529787 84969082 3000. 5000,1 0,C2H2

3 1 2 6 O 0 0 0 O 0 0 O 0 ODUFF BAUER 6/61 ¢2H3
65925083 56243085 23006582 691322-3"4990958?'96515082 500, 3000,1 0,C2H3
65925085 56243085 25905382 331771-3-3354258? 96515082 3000, 5000,1 0.C2H3

4 1 2 6 0 O 0 O 0 0 O 0 0 OJANAF 12/60 C2H4
12498083 6?683085 29488?82 526568-$-86531387 10179083 500, 3000,1 0,C2H4
12496088 67683085 31387282 616288-_b-13185888 10179083 3000° 5000,1 0,C2H4

4 1 2 6 1 8 0 0 0 0 0 0 0 OJANAF 12/60 C2H40
-12190088 81321089 $53?4T82 5461aa-3-96493687 11721183 500, 3000,1 0.C2H40
-12190085 813210_5 3?311282 690621-4-_4196888 11721183 3000. 5000,1 0.C2_40

6 1 2 6 O O 0 O 0 0 0 0 0 ODUFF BAUER 6161 C2H6
-20320085 892?1065 48428682-169?21-2-_g368088 11944763 500, 3000,1 0.C2H6
-208200CS 89271085 $9311982 76487T-_-38389187 11944?83 3000. 5000,1 O,C2H6

1 1 $ 6 O O 0 0 O O O 0 C ODUFF BAUER 6/_1 C3H
12770386 48962085 19446482 508379-$-5|19338? 92882082 500. 3000,1 OeC3H
127?0386 48962085 199S8282 245687-3-63251486 92882082 3000, 5000,1 O,C3H

2 1 3 6 O 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C3H2
106S2286 63917085 24744482 992918-3-487S9687 10466683 5000 3000,1 0,C3H2

10632286 63517085 26662382 36476?-3-467730&7 I0466683 3000. 5000,1 0,C3H2
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TABLE B-2 (CONT]NUED!

3 1 3 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C3H3
76485085 70952085 28692962 766031-3-54809887 11360483 500, 3000,1 0,03H3
76485065 70952065 29167282 456236-3-13860187 113604_3 3000. 5000.1 0.03H3

4 1 3 6 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 C3H4
46294085 82247085 37221982-528861-4-10199488 12029383 500, 3000,1 O.CS_A
64294065 82247085 34627182 578173-3-20851587 12029383 3000, 5000.1 O,C3H4A

5 1 3 6 0 0 0 0 0 0 0 0 0 ODUFF SAUER 6/61 C3H5
32631085 94621065 39732562 95855S-3-90468387 16175963 500, 3000,1 O.C3HS
32431065 94621065 39507382 733720-3-94976686 14173983 3000, 5000,1 0,03H5

1 1 6 6 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 CSH
15519666 64503085 25217282 574336-3-33954787 11316663 500, 3000.1 0,04H
15519666 64503085 24935882 402513-3 37767687 11316663 3000. 5000,1 0,04H

2 1 4 6 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 C4H?
11171566 76323085 29889782 735927-3-43066667 11931183 500, 3000,1 0.04H2
11171566 76323085 30170?82 656896-3 69812486 11931163 3000, 5000,1 0,04H2

3 1 4 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C4H3
10197586 85145085 34321782 855861-3-62693567 13007283 500, 3000,1 0.04H3
10197566 85145085 34519482 564141-3-15155766 13007263 3000, 5000,1 0,04H3

4 1 4 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 ¢4H4
?3705065 97124085 39813282 961427-3-7924_287 13944063 500, 3000,1 0,C4H4A
73705085 97124065 39S89982 ?20956-3 5778808613944083 3000, 5000,1 0,04_4A

1 1 5 6 0 0 0 0 0 0 0 0 0 0DUFF BAUER 6/61 CSH
18598066 ?7647085 29947082 946114-3-43059187 12185983 500, 3000,1 O.CSH
18598066 77647085 29152282 690014-3 97622967 12185985 3000, 5000,1 0,05H

2 1 5 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C5H2
16523086 93366085 36900882 965961-3-58389087 13719183 500, 300001 0,05H2
16523086 93366085 37083582 638028-3 13708887 13719183 3000, 5000,1 0,CSH2

3 1 5 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C5H3
135418&_ 10051786 40537?62 799736-3-67S86387 14759983 500, 3000,1 0,05H3
13541466 10051786 39695182 706570-3 3_401787 14759963 3000, 5000,1 0,05H3

1 1 6 6 0 0 0 0 0 0 0 0 0 ODUFF _AUER 6/61 . C6H
21316486 94231085 37a67762 420682-3-47651467 14823663 _00, 3000,1 O,C6H
21316486 94231085 35147082 661760-3 96269967 ?_823883 3000, 5000,I 0,C6H

2 1 6 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C6H2
16968386 10505286 41215782 896814-3-56900687 15306383 500, 3000,1 0,06H2
16968366 10505286 40917682 665591-3 32361567 15306363 3000. 5000,1 0,06H2

3 1 6 6 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 C6H3
15_46186 11483966 46192782 8742S0-3-73847087 164S9983 S00, 3000,1 0.06H3
15646166 114_$986 45056062 812263-3 45016767 16459963 3000. 5000,1 0.C6H3

6 1 6 6 0 0 0 _ 0 0 0 0 0 OOUFF BAUER 6/61 C6H6
19770085 147_17_6 62612282 117_8-2-13927768 17231783 500. 3000,1 0.06H6
19770085 14731786 595572&2 140760-2 73703487 17231763 3000, 5000,1 0,C6H6

1 1 7 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 CTH
24175286 10850986 43432482 412328-3-55929487 16074983 500, 3000,1 0,CTH
24175286 10850986 40202582 823782-3 12367088 16074983 3000, 5000,1 0,CTH

2 1 7 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C7H2
22083086 11987186 47937262 119639-2-82843867 1660346_ 500,. 3000,1 0.C7H2
22083086 11987186 47938882 825569-3 17137467 166034£3 3000, S000,1 0,C?H2

1 1 8 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 CBH
28887586 12240286 48988782 527442-3-64444867 17402383 500, 3000,1 0.CBH
28887586 12240286 45431782 953953-3 14052788 17402383 3000, 5000,1 0.CBH

2 1 8 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 C8H2
22615686 13304986 52847282 975801-3-71065187 18028963 500, 3000.1 0,08H2
22615686 13304986 51189082 960001-3 82194087 18020963 3000, 5000,1 0.¢8H2

1 1 9 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 CgH
29312286 13730886 54653682 609606-3-68351887 18998363 500. 3000,1 0,09H
29312286 13730886 50764282 106604-2 15845788 18998383 3000. 5000,1 OeC9H
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TABLE B-2 (CONCLUDED!

2 1 9 6 0 0 O 0 0 0 0 0 0 0DUFF BAUER 6/61 C9H2
2?222066 14814?66 59258562 135861-2"9885548T 19463083 500, 3000,1 0,C9H2
2?222066 14814766 58523682 106325-2 47027?&? 19463083-.3000. 5000,1 0.C9N2

1 1 10 6 0 0 0 0 0 0 0 0 0 ODUFF BAUER 6/61 CIOH
34675066 15179586 60544962 62?9??-3-7603518? 20839283 500, 3000,1 O.CIOH
34675086 15179586 56211362 115?64-2 17097288 20839283 3000, 5000,1 O.CIOH

2 1 10 6 0 0 0 0 0 0 0 0 0 OOUFF BAUER 6/61 C10H2
28403166 16308466 64325882 109?15-2-83184587 21436983 500, 3000,1 0,C10H2
28403166 16308486 62002062 115832-2 10944168 21436983 3000, 5000,1 0,C10H2

1 1 0 0 0 0 0 0 0 0 0 0 0 OJANAF 12/60 H
52102085 13423085 48022381 555469-4 17309586 35862062 500, 3000,1 O,H
5210208S 13423085 30875281 315025-3 929?4467 38862082 3000. 5000,1 O.H

1 1 1 7 0 0 0 0 0 0 0 0 0 OJANAF 12/60 HN
79200085 21766085 82313361 281555-3-12689687 60929082 500, 3000,1 O,HN
7920_085 2176608B 76345781 359853-3 18077867 60929082 3000, 5000,1 O.HN

1 1 1 ? 1 8 O 0 O 0 0 0 0 0JANAF I2/60 HNO
23800085 32?55085 13382062 122061-3-23240367 78385082 500, 3000.1 O,HNO
23800085 32?55085 14152382-4?0424-4-4691356? ?8385062 3000, 5000,1 O,HNO

1 1 1 ? 2 8 0 0 0 0 0 0 0 OJANAF 06/63 HN02
-18340085 46880065 19027882 189744-3-308?5267 96231082 500* 3000,1 O,HN02
-18340085 46880085 21028482-22901?-3-9786186? 96231062 3000, 5000,1 O,HN02

1 1 1 ? 3 0 0 0 0 0 G 0 0 OJANAF 06/63 HN03
-32100085 60912085 29354882 608154-4-45053267 11085163 500, 3000,1 O,HN03
-32100085 60912085 26628362-145?85-3-1026S688 11085183 3000, 5000,1 O,HN03

1 I 1 8 0 0 0 0 0 0 0 0 0 OJANAF 12/60 HO
93300064 21404085 77319381 394386-3-97356186 61382082 500, 3000,1 0,HO
93300084 2140408§ 96914481-443528-4-6861156? 61382062 3000, 5000,1 O,HO

1 1 2 8 0 0 0 0 0 0 0 0 0 OJANAF 03/64 111 H02
50000064 32934085 I2716162 292770-3-17227967 79979082 1000, 3000,1 0,HO2
50000064 32534085 13802882 147088-4-399S5167 79979082 3000, 5000,1 C,H02

1 1 I 14 0 0 0 0 0 0 0 0 0 OJANAF 12/60 HS!
11400086 23010085 8?999961 194499-3-97288286 65996082 500, 3000,1 O,HS!
11400086 23010085 99946661-335662-4-521070&? 65996082 3000, 5000.1 O,HS!

2 1 0 O 0 0 0 0 O 0 0 0 0 0JANAF 03/61 H2
000000-021210065 71196381 621950-$-71269486 48465082 500, 3000,1 0,H2
000000-0 21210085 681?9481 589854-3 26510667 48465082 3000, 5000,1 O,H2

2 1 I ? 0 0 O O 0 0 0 0 0 0JANAF 12/65 H2N
40099969 30579965 9?986261 114401-2-51897086 ?0158082 500. 3000,1 O,H2N
4009998B 309?9985 13741982 229493-4-610024&? ?0!580&2 3000, 5000,1 O,H2N

2 1 1 8 0 0 0 0 0 0 0 0 0 OJANAF 03/61 H20
-57?98069 30201069 1122_482 811397-3-26080087-68421082 500, 3000,1 O,H20
-57798065 30201089 19727882-191548-3-17359988 68421062 3000, 5000,1 O,H20

3 1 1 7 0 0 0 0 0 0 0 0 0 OJANAF 09/65 H3N
-10970065 41630985 12918662 219670-2-97853186 76908082 500, 3000,1 0,H3N
-10970069 41630985 16632082 923148-3-36133?8? ?6908082 3000, 5000,1 OeH3N

4 1 2 ? 0 0 0 0 0 0 0 0 0 OJANAF 12/65 H4N2
22789985 68539985 22985682 241933-2-1999318? 10809963 500. 3000,1 OeH4N2
22789985 68539985 31431962 487945-4-13970568 10809983 3000, 5000,1 0,H4N2
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UTILIZED IN THIS STUDY
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APPENDIX C

SUMMARY OF GROUHD TEST DATA

UTILIZED IN THIS STUDY

The ground test data considered in the present study were generated in

the Aerotherm Arc tunnel facility under a previous effort (Ref. C-I). Approx-

imately 150 tests of the Apollo heat _sh_eld material were conducted under -

carefully controlled conditions simulating a broad spectrum of lunar return

6onditions. In order to assure valid results, the flow stream was thoroughly

calibrated for all test conditions. Pressure and heat flux variations across

the models were measured to check the uniformity of the environment. Mea-

surements were also made to verify proper gas mixing and acceptable contamina-

tion levels. In view of the relatively high permeability of the Apollo heat

shield material, special precautions were taken to seal the model cores to

prevent gas leakage. The effect of porous flow on the results was investi-

gated analytically and is reported in Append/x D to be negligible, at least

for the tests conducted at 1 atmosphere and below.

Observation of the models duri._g the tests combined with post-test chemi-

cal analysis of the models indicated that there are basically four regimes of

surface behavior in terms of surface temperature and pressure:

i. At the lowest surface temperatures (to 1,600°K) a surface scab of

agglomerated silica fibers appears on the surface.

2. At intermediate surface temperatures (1,600 to 2,100°K) silica

globules partially cover the ch3r surface, the coverage decreasing

as wall temperature increases.

3. At higher temperatures (above 2,10OAK) there is no evidence of a

silica melt. Although no direct measurements of char density we_'e

made, post-test chemical analysis showed a substantial decrease

in the silica-to-carbon ratio near the surface indicating either

carbon deposit or silica depletion near the surface. Also, SiC*

crystals often showed up in the chemical analysis, but never as more

than two percent of the surface material.

4. At test conditions above one atmosphere pr_.ssure, gross mechanical

removal was observed.

Other significant findings in the experimental program were that surface re-

cession rate is independent of run time and that substantial erosion occurs
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in nitrcgen (approximately one-third that which occurs in air) but that only

slight erosion occurs in helium under similar test conditions.

Pertinent data and test conditions for the tests considered in the main

text of this report are shown in Table C-I.- All of the convective heating

tests of the Apollo heat shield material in air were considered with the ex-

ception of _urbulent duct tests and tests at pressures greater than 1.0 at-

mosphere. The reported surface recession rate is an average for the total

test time, while the T w represents an average value near the end of the test

where steady-state ablation was being approached.• The use of an average

seems reasonable in view of the fact that the theoretical ablation models

under consideration all predict a rapid rise of S to the asymptotic value

and the test results appear to be insensitive to test duration.

For the purpose of comparing to the normalized ablation maps, the i c

were computed considering the char density appropriate to the particular theo-

retical model in question. The PeUeCM were calculated for each test by cor-

recting the reported value for hot-wall nonablating heat transfer coefficient,

PeUeCHo , for mass addition. The blowing corrections associated with B_ were

obtained iteratively, while the blowing corrections for B_ were calculated

from average values of B_ obtained by interpolating between limiting _heoret-

ical predictions for the tests. Considering experimental uncertainties, the

averaging procedures employed, and the importance of the approximate blowing

corrections employed, the experimental B_ are believed to be within about

_20 percent and the T w (which are taken directly from the experiments) to be

within 200°K or so.

C--1.

REFERENCE FOR APPENDIX C

Schaefer, J. Wo, Flood, D. To, Reese, J. J°, Jr., and clark, K. Oo:

Experimental and Analytical Evaluation of the Apollo Thermal Protection

System Under Simulated Reentryconditions. Report No. 67-16, Parts I

and II, Aerotherm corporation, Mountain View, California, July 15, 1967.
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TABLE C-I

SUMMARY OF DATA USED IN PRESENT STUDY

90/BH/2.0

91/BH/2.0

92/BH/2.0

99/BH/2.0

108/BH/2.0

126/BH/4.0

127/BH/4.0

128/BH/4.0

93/BH/2.0

94/BH/2.0

95/BH/2.0

106/BH/2.0

109/BH/2.0

162/BH/2.0

166/BH/2.0

89/BH/2.0

II6/BH/4.0

88/BH/2.0

II5/BH/4.0

87/BH/2.0

II4/BH/4,0

74/BH/2.0

22/FF/2.0

26/BH/2.0

19/BH/2.0

25/BH/2.0

33/BH/2.0

30/SH/2.0

122/BH/4.0

119/BH/4.0

117/BH/4.0

k j_

Enthalpy
Btu/ib

10969

10969

10193

16301

16301

14480

14480

13500

3442

3539

3539

16880

25600

25800

29400

4944

4944

5044

5044

4910

4910

6322

7236

5549

5582

5447

5640

5937

i0 434

10976

4612

Pressure
Atm

.0079

.0079

.0079

.0080

.0080

.0081

.0081

.0081

.0082

.0082

.0082

.0082

.0085

.0085

.0085

.0090

.0090

.0110

.Ull0

.0112

.0112

.0261

.0265

.02_9

.0270

.0270

.0275

.0275

.0275

.0279

.0279

.0098

.0098

.0112

.0088

.0088

.0062

.0062

.0063

.0090

.0090

.0090

.0089

.0090

.0090

.0090

.0091

.0064

.0085

.0059

.0090

.0063

.019

.012

.016

.011

.021

.026

.018

.0119

.0099

.0114

ayg
Mils/sec

2.54

2.51

2.49

2.57

2.44

i. 40

1.37

1.52

0.48

0.81

0.63

2.40

2.50

2.53

2.63

0.54

0.58

0.64

0.51

0.90

0.40

2.64

2.28

2.84

1.54

2.46

3.81

2.42

2.77

3.12

0.86

T
W

_ avg
o R

3200

3250

3350

3475

3550

3200

3250

3250

2650

2700

2675

3500

3825

3850

3900

2900

2800

2850

2800

2875

282_

3525

3650

3700

360O

3575

3750

3600

3800

4000

3200

Surface
Condition*

M

M

M

M

M

M

M

M

S

S

S

M

NM

NM

NM

S

S

S

S

S

S

M

M

M

M

M

M

M

NM

NM

S,M
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TABLE C-I (concluded)

Mode 1

NO. **

124/BH/_. 0

125/BH/4.0

159/BH/2.0

35/BH/2.0

123/BH/4.0

751BH/2.0

29/BH/2.0

165/BH/2.0

i00/BH/2.0

164/BH/2.0

i0 I/BH/2.0

20/BH/2.0

2 I/BH/2.0

34/H/2.0

37/FF/I. 25

49/FF/I. 25

Enthalpy

Btu/Ib

19040

15891

17204

10463

15186

11578

9554

17300

15800

15800

17400

14844

142bi

3692

5020

6290

46/FF/1.25

51/FF/1.25

134/BH/I.0

156/BH/I.0

II3/BH/I.0

154/BH/1.0

3090

3290

3310

3456

5047

5031

Pressure

Atm

.0279

.0279

.0279

.0281

.0283

.0283

.0283

.0283

.0295

.0285

.0287

- .0287

.0287

.0289

.071

.099

.112

.112

1.01

1.02

1.05

1.06

OeUeCHo

Lb/sec ft 2

.0116

.0116

.022

.021

.0117

.016

.015

.017

.017

.017

.017

.012

.012

.031

.019

.032

.051

.043

.238

.219

.222

.217

I

avg

Mils/sec

2.25

1.88

5.13

5.54

2.12

4.97

3.78

3.90

4.84

3.48

4.76

2.73

3.22

2.68

1.00

4.07

3.48

3.71

61.0

=33.2

47.0

38.5

T

* S = Surface Scab, M = Melt Globules, NM = No Melt

.e

EH = Blunt Hemisphere, FF = Flat Faced, H = Hemisphere

Last number in Model No. is body diameter in inches.

w avg

"R

3775

3825

4475

4300

3800

4050

4175

4150

4500

4500

4525

4400

4400

3500

3800

4100

3775

3625

4600

4800

4960

4600

Surface

Condi ti on *

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM

M

M

NM

M

M

NM

NM

NM

NM
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AN EVALUATION OF THE EFFECTS OF POROUS FLOW
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APPENDIX D

AN EVALUATION OF THE EFFECTS OF POROUS FLOW
THROUGH THE SCHAEFER TEST MODELS

D.I INTRODUCTION

The purpose of this study is to determine the effects of porous flow

through a model of the Apollo heat shield material tested in Reference D-1.

The approach utilized follows closely the approach used in Reference D-2 in

a study of porous flow through graphite nose tips. In essence, it is desired

to compare the mass flow rate due to thermochemical ablation with the mass

flow rate of air within the model due to the porosity of the material. If

the latter is negligible with respect to the former, the effect of porosity

maybe neglected.

The effects of substantial porous flow maybe sumaarized as follows:

i. Suction into the porous surface would tend to decrease the boundary

layer thickness and hence increase the convective heat transfer

coefficient.

2. Energy transfer between the internal gas flow and the model as a

consequence of a temperature differential could alter the model's

temperature field.

3. In-depth chemical reactions could occur.

D.2 THEORETICAL APPROACH

There are two models which are commonly used for non-rarefied porous flow

calculations; namely, Darcy's Law and Reynold's Law, which reduces to Darcy's

Law when viscous forces dominate inertial forces (low Reynold's number). Un-

fortunately, since the flow velocity is an unknown, it is not a priori obvi-

ous when to neglect inertial effects. But, if it is initially assumed that

inertial effects are negligible, then this assumption may be subsequently

tested using the computed results. This approach has been utilized here.

For Darcy's Law

__K
pv = -_. grad P (D-l)

4

i
|

I

J

I
!

J
!
i
!

I
i

I

!

,/

!

\



where

D-2

= mass flow rate based on projected area (lbm/ft 2 sec)

K = permeability coefficient (ft _)

= viscosity of the gas (ibf sec/ft 2}

_= gas velocity of projected fluid (ft/sec)

P = gas pressure (ibf/ft _)

p = gas density (Ibm/ft 3)

Reynold's Law can be stated as

Jgrad PI = _v + _pv _

= viscous resistance coefficient (ft -s)

B = inertial resistance coefficient (ft -I )

where

(D-2)

The Aerotherm Axisymmetric Transient Temperature (]&ATE) code can be used

to solve for the mass flow through a porous medium if one assumes that Darcy's

Law holds since Fourie£'s Law and Darcy's Law are of the same form.

Fouriez's Law is given by

= -k grad T (D-3)

where q is the conductive heat flux in Btu/ft_sec and k is the conductivity

in Btu/ft-sec OR. Thus, one can make the following transformation

T(°R) -_ p

k (Btu/ft-sec°R) -_ K0

(Btu/ft-sec ° R) -*

- ft

Ibf - sec

(lhm/ft_sec)

The dimensions of length and time remain unchanged in this analogy.
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D-3

The equation fo_ conservation of mass for unsteady compressible flow

through a solid of porosity, ¢ (volume of empty space divided by total solid

volume) is

div(pv_ = -¢ _ (D-4)

For unsteady heat conduction, conservation of energy is analogously

-$ _T (D-5)
div q = -PsCp _--_

where Ps is the density of the solid (Ibm/ft 3) and Cp is the specific heat

of the solid (Btu/ibm°R). Combining the rate equations with the conservation

equations gives

div[ _K_ grad Pl = ¢ _-_e (D-6)

div(k grad T) = PsCp _0

If the flow follows the perfect gas law

= -P-- (D-8)
P RT

and

dlv grad p =- - -- (D-9}
RT RT _0 RT _ _8

Pressure and temperature are both unknown. If a unique relationship is

assumed between them, then the partial differential equation governing porous

flow may be written as a function of one unknown dependent variable, p. The

simplest approach is to consider the flow isothermal. However, comparison of

the p and T boundary conditions indicated that some improvement in accuracy

might be realized by the use of a polytrop_c relat/on

T = cx/_- (D-IO)

where C is a constant for a given situation chosen to best match the tempera-

ture and pressure boundary conditions.
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I

With the substitution of Equation (D-10) into Equation (D-9), there

results

divrK--_grad n] = e---i----- _P (D-II)

[era :J 2CR V_-- a 8

One can then use the AATT code with PsCp replaced by _/(2CR%/p)

the other transformations outlined above.

together with

]

l

l

!
The quantity ¢/(2CR%/-_ can be seen as simply a measure of the time to

reach steady state for the system. The final distribution of m and p will

not be affected by the value of this quantity. Therefore a nominal value of

¢ = 0.I was selected for the problem.

The variation of viscosity with temperature was taken to be

IT_] 0"764_= 1 1
{D-12)

I

I

I

I
which can be expressed as a function of p through the polytropic temperature-

pressure relation.
I

The boundary conditions for this code are surface pressure (temperature

in the case of heat conduction) or mass flux (heat flux) as functions of time.

These were taken to be time-independent over the test duration. A Newtonian

pressure distribution was assumed on the front face of the model, ambient

pressure was considered on the side walls, and the back wall was considered

to be impervious* to flow (insulated). The initial pressure was taken to be

the ambient value.

I

I

D.3 TEST MODEL CONSIDERED AND PERMEABILITY DATA EMPLOYED

The model and conditions of test 30/BH/2.0 was selected for this calcula-

tion_ (Ref. D-I). Test 30/BH/2.0 employed a two-inch diameter cylinder of

axial length one inch. The front face was a section of a sphere two inches

in radius. The local stagnation pressure in this test was 0.0275 atm (or

58. i0 Ibf/ft _ ) .

I

!

I
*This key boundary condition is believed justified because of the type of

seal employed. I
|
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D-5

The model was assumed to be composed only of virgin material (i.e., no

char) for this preliminary calculation. The effect of the char layer with

its higher permeability is discussed later. The permeability in the direction

parallel to the honeycomb walls was taken directly from data published in

Ref. D-3. In this reference, an initial curve-fit gave a negative value of

B which is physically impossible. A second curve-fit was then made in Ref.

D-3 using 8 = 0. Thus, the value of _ reported therein is the reciprocal of

permeability and K i| is

K|I = 1.40 x i0 -_I ft 2

Original test data on pressure drop through plugs of the Apollo material re-

ported in Ref. D-4 were evaluated using Darcy's Law to determine K_. For a

plug of thickness L, through which the pressure drops slightly from P2 to PI"

Darcy's Law can be approximated by

Pl - P2 = uv (D-I_)
L Kx

The resulting mean of three calculations of K_was

K_ = 2.095 x i0 -la ft_

where the three values of K_are within 3 percent of the mean. (This shows

that Darcy's Law is valid for these test conditions.)

It is felt that the use of average values for K!I and Klis adequate since

gross effects are being studied, and it is not necessary to attempt to approxi-

mate the actual complicated honeycomb structure for this calculation.

The boundary conditions are

P : P,-+ (Po- P,-) c°s2 _ (D-14)

on the hemispherical cap where _ is the angle from the horizontal to the nor-

mal at the point. On the cylinder wall,

p = p. (D-15)
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D-6

On the back wall,

_n = 0 (1_-x6)

For the test under consideration

D.4 RESULTS AND CONCLUSIONS

The results of the calculations are shown on the grid network which was

utilized (Figure D-l). The m's that are shown are the mass rates of flow due

to porosity at the surface nodes. The numbers shown within the grids are the

local values of pressure. This result, of course, is completely decoupled _n

this calculation from thermochemical ablation.

NOT[: IUF_E|$ ]m PAR(NTH[$(S ABE PKSSU|ES |fl L|/FT z

i • tO&* L|/$[C FT2 " -12.)7 -.16Z -.TSt

t t t I',,
14.$7 (27.|) (_'.t|) [L;i)

.7Q4 1411.21 14?.7| 146.II

.110 (S4.1) i (53.|) (S).7)

\

.o6J (SL.i) I (Si.S) (S4.4)

(S;.I) J (S_.;) (_,/.i) j_
.047

Figure I)-1. Internal Pressure Distribution and Flow Rates
T_ and Out of a 5026-39/HC-GP Test Sample

{Test 30/BH/2.0, Pm= 2.78 Ib/ft a, Po " 58.1
n)/_,9 )

The results show that m varies from 6.723 x !0 "L lhe_ft-sec at the stag-

nation point up to a maximum of 1.457 x i0 -a at the corner. This can be com-

pared to an average m of 7 x I0 -_ measured during the test (Ref. D-I}. The
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high values of m occur only at the corner where the path length is small.

Porous flow through the virgin material in the vicinity of the stagnation

point would therefore not seem to be important. The models tested in Ref. D-I

did not have pressure equalization holes nor was the effect of such holes con-

sidered in the calculations. However, this should not have an effect on this

conclusion because of the small size and small number of the holes.

The use of Darcy's Law was checked with the set of _ and B first calcu-

lated in fitting the Ref. D-3 test data. Despite the negative _ value, the

data was thought to give a good measure of the relative size of _ and _. Sub-

stituting an average value of _ = 7 x I0 "6 and _ = 1.77 x 10 -6 lbm/ft-sec

(6.63 x I0 L°) (1.77 x i0 -6)

Thus for this condition the neglect of inertial effects was indeed justified.

In order to develop further confidence in the overall mass-flow-rate re-

sults obtained in the two-dimensional calculations, solutions were also gener-

ated using a one-dimensional, isothermal approximation for the presaure drop

2_RTL (D-17)

If one assumes that L = i inch and T = 600°R

= 2.37 x i0 -s ibm/ft_-sec

which agrees quite favorably with the computed values of m for the tes_

conditions.

Consideration of _ = 5.78 x i0" for the char (given in Ref. D-3) gives

for isothermal conditions (say, T = 2,000°R) the surprisingly low mass flux

= 3.54 x I0 -s Ibm/ft2-sec

One c_n thus conclude that porous flow in the char layer may also be neglected

in the tests of Ref. D-I at this pressure level. The situation is different

at higher pressures. If Po = 1 atmosphere

= 4.5 x i0 "s lhm/ft_-sec
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D-8

and m due to ablation is the order of 10 x lO -_ . This shows that porous flow

could well be a factor in eroding chars in tests conducted at high stagnation

pressures.

It should be noted that after the calculations were made, use of a poly-

tropic relation between T and p was found to be probably not as good as a

simple isothermal assumption. In particular, the pressure drop within the

porous solid occurs near the side boundary, whereas the primary temperature

drop occurs near the front face and secondly, the temperature is fairly uni-

form throughout the majority of the body. However, this effect is believed

not to affect the major conclusions of the study. Finally, the quasi-steady

assumption is good, since the time found to reach steady pressure and m values

is a few seconds, while the test duration was 89 seconds.

D-lo

D-2o

D-3.

D-4.
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APPEIDIX E

AN ATTEMPT TO PREDICT SURFACE RECESSION FOR THE

APOLLO HEAT SHIELD MATERIAL ON THE BASIS

OF SILICA-CARBON REACTION KINETICS ALONE

E. 1 MODEL

A number of the post-test specimens described in Reference E-1 had a

crusty siliceous "scab" resting on top of the carbonaceous char. Both the

top surface of the scab and the scab-char interface receded during the tests

at approximately the same velocity after the initial transient, although

there is some evidence that the scab was slowly thickening during all of the

tests.

Since it is well known that condensed phase carbon and silica react to

form gaseous products, one might speculate whether the velocity of the scab-

char interface could be interpreted as being due to erosion of the carbon

substrate by the hot silica scab resting on top of it, the scab being replen-

ished by recondensation at the surface of oxidized silica-carbon reaction

gases. The proposed model is shown in the following sketch.

Boundary Lay_

Condensing

si02.;" ,_sio+co
t

SiO2* Scab I

21/ I / /-// / /
Carbon Char

Sketch of Proposed Model

Recession due to

C* + Si02*-*
CO + SiO

E. 2 OUTLINE OF HECESSARY CALCULATIOHS

The calculation of the recession rate for the proposed model involves

the simple relation

PC

where 0C is the _ensity of char carbon and m6' is the kinetically controlled

consumption rate o_ carbon on a unitarea basis (ib/ftasec].

|
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Unfortunately the available kinetic data for carbon consumption by silica

is based on a unit-of-initial-mass basis, since the actual contact area between

the silica and the carbon phases cannot be determined. Thus the experimental

data has the form

(s-2)

In order to obtain the m6' required in Equation (E-l}, it is neces&ary to esti-

mate the initial contact area per initial unit mass of carbon during the ex-

periments which provided the data of Equation (E-2) since, calling this area

Ao, we can write

k/'c\=tVl J =<'%,OCo)• . (,<0/-%)
- (E-3)

Thus with A0/mCo in hand we can compute _' from Equation (E-2} and the

experimental values for _o/mCj, and then compute S from Equation (E-l). The

values so calculated may t2e. be compared to those given on page 9-12 of

Reference E-I for the scabby n.clels. The following sections summarize the

necessary calculations.

E.3 CALCULATION OF INITIAL AREA PER INITIAL UNIT MASS IN EXPERIMENTS
REPORTED

Reference E-2 describes the only experiments with sufficient data reported

to obtain all of the quantities required here. For computing surface area, the

only possible procedure is to compute the initial area of silica available per

initial pound of carbon and the initial area of carbon available per initial

pound of carbon. The smaller of these two numbers represents the maximum con-

tact area possible. The actual contact area is probably somewhat less, but

there is no way of knowing the amount of reduction, so no correction will be

applied here.

To compute the quantities ACo/mCo and ACo/mSiO2 ° for the five samples

reported in Reference E-2° we note from Reference E-2 that for samples i, 2,

3, and 4 both the silica and carbon particles were nearly spherical, so that

/ \/ Ao| ,, n6 a 6
(./6) 6" p = p'_" (_._)

I

I

I
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The particle diameters 5 are given in each case and we will assume that 0 C =

PSiO_ " 2.3 gr/cm 3 , which will not be grossly in error. In case five, a more

real_stic char, the silica was in the form of cylindrical fibers and the car-

bon was dispersed. The only area which can be computed is (AsiO2)o, and ......

IAsiO21o" _6L 4

(E-s)

Table E-1 summarizes the calculation of A o for the five experiments re-

ported in Reference E-2.

E.4 SELECTION OF KINETIC DATA AND CALCULATION OF mcolmco

Reference E-2 reports data in the form _o/mCo-(actually it reports rate

of CO production but this can be directly converted to _o ) as a function of

temperature. The reference suggests an E for Equation (E-2} of 70,000 --+10,000

cal/mol but does not present values for A. Reference E-3, however, presents

values of A and E/R computed from the data of Reference E-2. These values

are

A = 3.18 x 10 _sec -I _ For Samples

E/R = 63,000°R (corr. to E = 70,000 cal/mol) _ 2 and 3 (E-6)

A _ 3.15 x 10_sec -I I for Samples

E/R _ 63,0000R _ 1 and 5 = (E-7)

An alternative set of constants matching the reported rate data at 1,500°R

but with the greater activation energy 80,000 cal/mol is (also from Ref. E-3)

A = 9 x 107sec -_ I for Samples
E/R = 72,100°R 2 and 3 (E-8)

!

A _ 9 x 106sec -I I for Samples

E/R = 72"I00°R I 1 and 5 (E-9)

Sample 4 did not yiei_ useful rate data.

4_ r
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This second set of kinetic data was used to compute values of _o/mCo for

cases i, 2, 3, and 5. These are presented in Table E-2 together with corres-

ponding values of m_ obtained from Equation (E-3) and the values of Ao/mCo

given in Table E-I.

!

J

E.5 COMPUTATION OF RECESSION RAT_

With the area basis mass consumption rates m6 summarized in Table E-2,

it is possible to compute a surface recession rate S with Equation (E-l).

Noting that the SC in Equation (E-I) is the local density of the carbon in

contact with silicon, which we may presume to be roughly 2.3 gr/cm 3, and not

the superficial density of carbon in the char (about 7.8 Ib carbon/ft a char).

With this density, we compute from Table E-2 and Equation (E-l) the recession

rates shown in Table E-3.

£_.6 DISCUSSION OF RESULTS _

Referring to the measured recession data reported in Reference E-1 for

te:_t models with scabs, the data lie between 0.5 and 1.0 mils/second at tem-

pe).-atures between about 1,460°K and 1,640°K. The discrepancy between these

recession data from Reference E-1 for test models with scabs and the predic-

tions of Table E-3 for the proposed physical model considered in this section

is about six orders of magnitude, the predictions being low. Although the

actual calculations of predicted recession rate for the proposed model involve

a number of doubtful assumptions (in particular, the calculation of contact

surface area may be in error by several orders of magnitude), it would be

difficult to rationalize six orders of magnitude. It is doubtful, further-

more, that the kinetic data are much in error: the data are consistent and

were obtained for temperatures at most only 200°K from the scab data studied.*

It must be concluded, therefore, that silica-carbon reactions by themselves

probably cannot be an important mechanism in the surface recession of the

scabbed test models.

A
/

!

"\

.°,-

Furthermore, similar data reported by Beecher and Rosensweig in References

E-4 and E-5 and amended in Reference E-2 agree with the data of Reference

E-2 within an order of magnitude.
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Sample ----

TABLE E-1

C,_LCULATION OF SURFACE AREA IN DEVELOPMENT OF

SILICA-CARBON REACTION KINETIC RELATIONS

Reported Data

Imsi02

mCo o 5C 6Si02

Computed Results

% 0 0 0

ACo

m C
0

(nu) (mu)

1 5 17 2,800 153

2 15 17 2,800 153

3 5 17 15 153

4 5 17 2,800 153

5 4.3 ? 1,000" ?

*Cylinder fiber diameter

_iO 2

o

msi02
o

A

_,_) = o
%

(._/gr) (_/gr) (_/gr) (_/gr)

.93

.93

162

.93

1.74

4.65

14.95

810

4.65

7.5

4.65

14.95

153

4.65

7.5?

TABLE E-2

COMPUTED MASS LOSS RATES PER UNIT MASS AND PER

UNIT AREA FOR CASES 1, 2, 3, and 5

T

(°K)

1,500

2,000

12,500

'3,000

3,500

i%°--=Co_ _l_ w_ (=

(CaSeS 2,3} (Cases 1,5)

sec-_ • sec-_

2.27 x i0 -_

1.67 x 10 -I

9.54

11.37 x I0 _

9.5 x 10_

2.27 x 10 .5

1.67 x i0 -a

19.54 x i0 -x

1.37 x i0

9.5 x i0

@

0

_;.=_--_o)1

0

=_O7_o)2

0

.. @

m3 =(A_o 3

®

1.00 x I0 -e

=7.78 x I0-=

4.2 x I0 -e

6.01 x i0 -4

4.18 x i0 -a

3.11 x I0 -8

2.30 x 10 "6

1.31 x 1O -5

2.61 x i0 -a

1.30 x I0 -a

3.04 x 10 -9

2.24 x i0 -7

1.26 x i0 -s

1.83 x I0 "4

1.27 x I0 -3

6.2 x I0 -9

4.57 x i0 -_

2.61 x I0 -6

3.72 x i0 -4

2.59 X I0 -a

/
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TABLE E-3

SUMMARY OF PREDICTED RECESSION RATES FOR

CASES i, 2, 3 and 5

T Recession Rates in mils/sec

o K

1,500

2,000

2,500

3,000

3,500

8.31 x 10 "v

6.12 x l0 "6

3.5 x 10 -4

3.01 x i0 -a

3.49 x 10 -I

2.59 x I0 -e

1.92 x 10-4

1.09 x i0 "_

2.17 x 10-I!

1.08

2.53 x 10 -7

1.86 x 10 -s

1.06 X 10-4

1.52 x I0 -_

I. 06 x 10 -I

5.18 X i0 -_

3.81 x 10-s

2.17 X i0 -_

3.10 X I0 -a

2.16 x 10 -I

E-1.

E-2.

E_3.

E-4 o

E-5.
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